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A series of mono- and dinuclear lanthanum complexes of 15,31-dimethyl-3,11,19,27,33,35-hexaazapentacyclo-
[27.3.1.£91 1317 121,23 hexatriaconta-5,7,9(33),13,15,17(34),21,23,25(35),29,31,1(36)-dodecaene-34,36-diol (24RB-
PyBC, L) have been defined in solution. Their ability to hydrolyze bis(4-nitrophenyl) phosphate, a phosphate
diester, was studied. The various metal-coordinated hydroxide nucleophiles that form in solution attack the substrate
in the hydrolysis reaction. The dihydroxo dilanthanum complex, L-2La-2(OH), is the most effective catalyst. Its
rate constant is 75 times larger than the rate constant for the monohydroxo dilanthanum complex, L-2La-OH.
The mononuclear complexes are not as successful as the dinuclear complexes because they have fewer metal
ions per complex to act as Lewis acids. They also cannot generate hydroxide nucleophiles at low pH values like
the dinuclear complexes can. The reaction has an unusual third-order dependence on the catalyst concentration
which is valid for the dinuclear complexes as well as the mononuclear complexes. This implies a mechanism
where a metal-coordinated hydroxide nucleophile attacks the phosphorus of the substrate on the side opposite the
negatively charged oxygens.

Introduction One difficulty in studying free L& and L&" complexes is
) . their ability to dimerize, trimerize, and form multinuclear

Lanthanum has been a common metal ion for use in phos- 5gqregates in solution. This effect has plagued many lanthanum
phodiesterase model systein8.While zinc is present in the  moqef studies by making it very difficult to define the active
active sites of some crystallographically defined phosphodi- catalytic species in solution, if at di&4578.16The use of weakly
esterase$; ! other metal ions such as Eoand L& have made  ¢yordinating buffers further complicates matters when trying
more successful model complexes for hydrolyzing phosphate 1, gefine what species exist in solution. Nonetheles$*La
diesters:>~1* However, C8" complexes are not good catalysts complexes have much potential as artificial restriction enzymes
due to their kinetic inertness and consequent slow turnbver. qye to their ability to selectively hydrolyze phosphate diestrs.
The trivalent charge of L& makes it a good Lewis acid for The macrocyclic ligand 15,31-dimethyl-3,11,19,27,33,35-
withdrawing electron density away from a phosphate diester hexaazapentacyclo [27.3.B:3113.17 12129 hexatriaconta-5,7,9-
substrate. It is also known for forming hydroxo species in (33),13,15,17(34),21,23,25(35),29,31,1(36)-dodecaene-34,36-
aqueous solution by deprotonating coordinated water moIecuIes.dioL 24RBPYBC, L (see Figure 1), was originally synthesized

La®" also has a high coordination number so that it has iy this laboratory for its potential to form both mono- and
numerous sites available to coordinate both the substrate andyjnuclear iron complexe$. The macrocycle has eight donor

one or more hydroxide nucleophilés. sites and can, indeed, form both mono- and dinuclear complexes
with various metal ion$%2° The number of donor sites is
(1) Takasaki, B. K.; Chin, 3J. Am. Chem. S0od.993 115 9337. advantageous for complexing ¥fa which has a higher coor-

@ lsgggesige&?'iél;Rammo'J';HemCh'/R‘geW' Chem.,Int. Ed- Engl.  gination number than the first-row transition metals. The

(3) Takasaki, B. K.; Chin, JJ. Am. Chem. S0d.995 117, 8582. foIIowing work describes well-defined mononuclear and dl-
(4) Rammo, J.; Hettich, R.; Roigk, A.; Schneider, HEhem. Commun. nuclear lanthanum systems that can readily hydrolyze BNP, bis-
5 109h95515’5_-80n K H Whana. D.: Kim. K. Yoon. T. H. Moon. H.  (4-nitrophenyl) phosphate (Figure 2). The hydrolysis reaction
®) Park, J, '\’N_mo?é_ éhé’m_lg%gé& 3780, o R is_ catalytic and has a highly unusual thir(_j-order depgndence
(6) Hurst, P.; Takasaki, B. K.; Chin, J. Am. Chem. Sod996 118 with respect to the catalyst concentration. The dinuclear
9982. ) ‘ . _ . dihydroxo species, L-2La-2(OH), is more effective than the
U] 8&2' %b%hn?brlégg' ;i"g‘gbo’ S Bae, S. C. Ku, J. K Park, J.W._ ginclear monohydroxo species, L-2La-OH, or any mononuclear
(8) Roigk, A.; Hettich, R.; Schneider, H.-lhorg. Chem1998§ 37, 751. species. Much insight is gained about the importance of
(9) Hough, E.; Hansen, L. K,; Birknes, B.; Jynge, K.; Hansen, S.; Hordvik,
A.; Little, C.; Dodson, E.; Derewenda, Rlature 1989 338 357. (15) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, Mdvanced
(10) Volbeda, A.; Lahm, A.; Sakiyama, F.; Suck, BMBO J.1991 10, Inorganic Chemistry6th ed.; John Wiley & Sons: New York, 1999.
1607. (16) Ragunathan, K. G.; Schneider, H.Ahgew. Chem., Int. Ed. Engl.
(11) Naylor, C. E.; Eaton, J. T.; Howells, A.; Justin, N.; Moss, D. S.; Titball, 1996 35, 1219.
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Phosphate Diester Hydrolysis
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Figure 1. Macrocyclic ligand, L, that was used in this work.
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Figure 2. Hydrolysis of BNP to 4-nitrophenyl phosphate (MNP) and
4-nitrophenol (4-N).

preorganization of the metal ions and the hydroxide nucleophile
in hydrolyzing phosphate diesters.

Experimental Section

Materials and Methods. The following reagents were used: GR
grade KCI, AC S reagent LagVH,O, and bis(4-nitrophenyl) phosphate
from Aldrich; 200-proof ethyl alcohol from McCormick Distilling Co.,
Inc.; and CQ-free Dilut-it ampules of KOH from J. T. Baker. 8NP~
was made by adding an equivalent amount of solid KOH to bis(4-
nitrophenyl) phosphate in EtOH and collecting the precipitate. The
ligand, L, was synthesized as previously descri§&lemental analysis
and potentiometry deduced a formula abzsNeO2:4HCI-/sMeOH:
43H,0 (My = 719 g/mol) in the sample that was used. Thé'Lsolution
was standardized by adding excessBRTA and then back-titrating
with standardized Zt to an eriochromeblack T endpoifitAll UV —

vis measurements were performed on a Perkin-Elmer 553 fast scan

UVNis spectrophotometer. The/— electrospray ionization experiments
were performed on a Vestec 201A Thermospray LC/MS instrument.
Potentiometry. Each system was investigated in a 100-mL ther-
mostated cell and kept at 3&. The solvent for each system consisted
of 37.5 mL of EtOH and 12.5 mL of aqueous solution. A 75% EtOH
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mL. The K, under the described conditions was measured and
calculated to be 14.65. The ionic strength was kept constant with 0.10
M KCI. Under such conditions, the activity of an ion parallels its
concentration. Argon was bubbled through each solution to create an
inert atmosphere. Direct millivolt measurements were taken on a
Corning model 150 pH meter as KOH was added to the system in
small increments. The electrodes were calibrated from the average
calculatedE® of 20 separate titration points of a titration of dilute
standardized HCI. Thus, the electrodes were calibrated in terms of p[H]
which is defined as-log [H]. The program BEST was used to calculate
all equilibrium constant& Species distribution diagrams were computed
and plotted with the programs SPE and SPEPLOT, respecfi¥élye

pK4's of L were also determined under the above conditions. The lowest
four were determined potentiometrically: 4.38, 5.76, 7.39, and 8.24.
The two highest Kys were determined spectrophotometrically by
measuring the absorbance at 308 nm of solutions at 18 different p[H]
values between 12.3 and 13.6. The data were fit to a curve in which
the (KJ's and extinction coefficients could be calculatedK,fb-2H)

= 12.83, Ki(L-H) = 12.95,¢(L-H) = 4500 ML cm?, ande(L) =
8900 Mt cm™.

Kinetics. All kinetic studies were carried out in a 75% EtOH
solution, with 0.10 M KCI present, and at 3&. The pH was kept
constant by the addition of dilute KOH to the thermostated cell either
manually or with a pH-stat. The pH could easily be kept constant to
0.05 pH units. The hydrolysis of BNP was followed by taking 20-
aliquots from the cell at appropriate times, injecting the aliquots into
an HPLC instrument equipped with a UWis detector, and following
the increase in absorption at 397 nm due to d[4-NJaN is defined
in Figure 2). A C18 Adsorbosphere column was employed, and the
mobile phase consisted of a 50:50 Me©phosphate buffer (25 mM
total, pH= 7.0). In each kinetic trial 46 points were recorded that
defined a straight line, each of which had a Pearson’s correlation
coefficient of >0.98. Hydrolysis of BNP was followed until-110%
completion to avoid detecting hydrolysis of the product, MNP. The
kinetic data were analyzed by the method of initial rates and the
following rate equations:

1:1 system: rate= ko dL-La] > 1o [BNP]

1:2 system: rate= kypJL-2La] %o [BNP]

The equations are, indeed, first-order with respect to [BiNPand
third-order with respect to [L-Lapr or [L-2La]ror. A typical solution
in the 1:2 system contained [BNR} = [L] = 0.5[L&"] = 0.2-0.8
mM. Spontaneous hydrolysis of BNP under these conditions is<3.4
10" statp[H] = 7 and 3x 107° st at p[H] = 10.5; thus, it is
considered negligible.

Multiple regression analysiwas used to fit the kinetic data in the
1:2 system from p[H}= 6 to 10 to the following model:

rate= { k,[L-2La-OHJ* + k,[L-2La-2(OH)I} BNP] it

The species distribution diagram shows that two other species are
present in the p[H] range that was studied and can possibly contribute
to the model: [L-2La] and [L-2La-3(OH)]. The ligand degrades rapidly
at p[H] values higher than 10; thus [L-2La-3(OH)] was not included
in the model due to lack of data. The F-test in a stepwise regression
analysis showed that [L-2La] was not a significant variable for the
model. Both independent variables, [L-2La-OH] and [L-2La-2(OH)],
are statistically significant to ae = 0.05 significance level. The
coefficient of multiple regressiorg?, is 0.84. Thus, 84% of the total
variation in the rates is explained by [L-2La-OH] and [L-2La-2(OH)].
The fourth-order rate constants with their standard errors were obtained
and are shown below:

solution was chosen because the dinuclear lanthanum complex, L-2La-

4Cl, precipitates out of 100% aqueous solution. The initial volume for
such a 75% EtOH solution was determined volumetrically to be 49.02

(21) Schwarzenbach, G.; Flaschka,Gbtmplexometric Titration22nd ed.;
Methuen & Co. Ltd.: London, 1969.

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

(23) Kutner, M. H.; Nachtschiem, C. J.; Wasserman, W.; Netekpplied
Linear Statistical Models4th ed.; McGraw-Hill Professional Publish-
ing: Chicago, 1996.
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k,=(5.24£0.8)x 1M 3s™* Table 1. Stability Constants for the Formation of Mono- and
Dinuclear L&" Complexes with the Liganda

k,= (44 1) x 1°M 3st equilibrium logK
[L-La)/[L][La] 18.52
Results and Discussion [L-2La)/[L-La][La] 6.67
_ ) [L-H-La]/[L-H][La] 14.48
L forms both mononuclear and dinuclear complexes with [L-2H-La)/[L-2H][La] 9.31
Las*. The stability constants are given in Table 1. The kg [L-3H-La]/[L-3H][La] 6.23
value for the formation of the dinuclear complex is 11.85 log [L-4H-La]/[L-4H][La] 3.56
units less than the formation constant for the mononuclear ['E"iﬁ]/[}-l'_'-gl'_o'g[:]H 1%%2
complex. This is a result of placing two trivalent ions in close EL:ZLZ]-([)}-I]/[I?-ZLa]-[Z(g)H)][H] 10.03
proximity (3—4 A). A number of hydroxo species form in [L-2La-2(OH)}/[L-2La-3(OH)][H] 11.17

solution. The K, of a water molecule bound to the mononuclear
complex is 11.15. TheKy of a water molecule bound to the
dinuclear complex is 7.75. The fact that thHe,s lowered 3.40

aT=35°C,u =0.10 M KClI, 75% EtOH. Estimated erre+ +0.08.

p[H] units in the dinuclear complex compared to the mono- OH, OH, oH
nuclear complex implies that the water bridges between the two 3+/ N 3+ 3% 2
metal ions (Figure 3). Thelky of a second water molecule b Q\fﬁ Lal __a¥
bound to the dinuclear complex is 10.03. This value is 1.12 OH-

p[H] units below the K, of L-La-OHy; thus, this water also [L-La] (L-2La) (L-2La-OH])
bridges between the two Eaions. A third hydroxide ligand pKa =11.15 pKa=7.75 pKa =10.03

can also form on the dinuclear complex. However, the ligand

starts to rapidly degrade at p[H] values higher than 10. The Figure 3. Hydroxo species of the mono- and dinuclear lanthanum
lifetime of L-2La-3(OH) is quite short, and no kinetic measure- c_omp_le_xes of L. The macrocycle has been drawn as a curved line for
ments above pH= 10 were reliable. The various hydroxide simplicity.

species form only after the phenolic protons have been depro- 1¢q
tonated. The overall charge on L-La-OH is O while the overall g4
charge on L-2La-OH ist3.

Although numerous species form in solution, the important
species to focus on are the hydroxo species. The metal- 70
coordinated hydroxide acts as a nucleophile and can attack BNP 6g|
in a hydrolysis reaction. The 1:2 system will be discussed first. "'50
A species distribution diagram for the 1:2 system is shown in
Figure 4. L-2La-OH starts to form at p[H} 6.5 and has a
maximum concentration at p[HF 8.9. L-2La-2(OH) starts to
form at p[H] ~ 8.5 and has a maximum concentration at p[H] 20
= 10.6. 10

All kinetic data for the present systems were generated using ¢
approximately equimolar concentrations of [BNR] and 3
[L-2La]tot or [L-La]tot. Turnover numbers for the 1:2 system pH]
were reported earliéf. Thus, all rate constants described herein Figure 4. Species distribution diagram for the 1:2 system. Rate
are fourth-order _rate Con_stants. The ability of the 1:2 system to constants for the hydrolysis of BNP by the 1:2 system are given by
hydrolyze BNP is described by the rate constants which are the solid squaresm). Estimated error on kinetic data +10%.
shown for the p[H] range 8.2510 (Figure 4). In the p[H] range
6—8 the rate constants are measurable, but relatively small. Table 2. Dependence of the Rate of BNP Hydrolysis on the
Above p[H] = 8 the rate constants follow the formation of ~Concentration of [L-2Lajr and [L-Lalror®

50

80

-12.5

L-2La-2(OH). The rate law is the following: pH [L-2La]ror/M [BNP]init/M 108(rate)/M/s
3 8.25 0.000728 0.000531 24
rate= k JL-2La] ;51 [BNP],\ it 8.25 0.000486 0.000539 7.3
8.25 0.000244 0.000518 0.81
The value forkgps is a collection of the Fotal rate constants for pH [L-La]ror/M [BNP] /M 10"Rate/M/s
the whole 1:2 system. The system is first-order with respect to 500 5000970 0.000495 29
[BNP]iniT. However, the system is a highly unusual third-order 8.00 0.000487 0.000500 5.0

with respect to [L-2Lajor. Table 2 shows how the rate is

affected when only the catalyst concentration is varied. The rate 2 Estimated error on kinetic data +10%.

increases by 9 when the catalyst concentration is doubled, and

the rate increases by 30 when the catalyst concentration ison L-2La-2(OH) were equivalenk, would be expected to be

tripled. This effect also occurs at p[H} 7 and 10. about 2 times greater thda. Sincek; is over 75 times greater
The [L-2La-2(OH)] species is clearly the most effective thanki, preorganization of the hydroxide nucleophile must be

catalyst. The individual rate constants for L-2La-OH and L-2La- & major factor. That is, the second hydroxide is better positioned
2(OH), k; and k,, respectively, were calculated; = 5.2 x to attack the substrate compared to the first hydroxide nucleo-

1P M—3slandk, = 4 x 18 M3 s L. The rate constark is phile. The La-La distance will be the same in L-2La-OH and
over 75 times greater thaq. If both hydroxide nucleophiles ~ L-2La-2(OH) since the hydroxide ions bridge the two metals
in both species. The ideal metahetal distance for binding a
(24) Jurek, P. E.; Martell, A. EChem. Commur999 1609. phosphate diester is-5.4 A while the approximate MM




Phosphate Diester Hydrolysis

NO, NO,
: La |
°\ : L-2La-2(0H) °\ K
o ta o
; ’
0, 0,
L-2La-2(OH)
MNP, 4N, 8NP
2[L-2La-2(OH))
NO,

Figure 5. Proposed mechanism for the hydrolysis of BNP by [L-2La-
2(OH)P. For simplicity, the ligand has been drawn as a curved line
and the coordinated hydroxides of the two rightmost L-2La-2(OH)
species were not included.

distance with a bridged hydroxide is 3.52426 Since the La
La distance in L-2La-OH and L-2La-2(OH) will be ap-
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Figure 6. Species distribution diagram for the 1:1 system. Rate
constants for the hydrolysis of BNP by the 1:1 system are given by
the (solid squaresl). Estimated error on kinetic data +10%.

substrate do not take part in the nucleophilic attack. Although
there are four potential hydroxide nucleophiles on two L-2La-
2(OH) complexes bound to the negatively charged oxygens of
BNP, no nucleophilic attack occurs. The reason is that these
bridging hydroxide ions are directed right at the negatively
charged oxygens which resist any kind of nucleophilic attack.
The initial two L-2La-2(OH) complexes can play a number of
roles with respect to Lewis acid catalysis. They can withdraw
electron density from the phosphorus center, stabilize the
transition state, and/or stabilize the leaving group.

When a third L-2La-2(OH) complex is encountered, the
complex will bind to the oxygens of the ester groups. The
hydroxide nucleophiles on this third L-2La-2(OH) complex are
highly preorganized to attack the phosphorus center. These
hydroxide ions are directed away from the electron density cloud

proximately the same at 3.5 A, neither has an advantage for©f the negatively charged oxygens so they encounter much less
recognizing the substrate with respect to the-M distance. remstancg when attacking the phosphoru; cente;r. Anot.her role
L-2La-OH does have an advantage over L-2La-2(OH) becausethat the third L-2La-2(OH) complex pla_ys is that it coordinates
it has a higher overall charge-8 to +2) and has more open the oxygens of the ester groups. Chin and co-workers have
coordination sites available to bind the substrate. Although the eStablished a correlation between the rate of phosphate diester
process of molecular recognition favors L-2La-OH, L-2La- hydrolysis and the bas_|C|t¥4 of the leaving group (4-N in the
2(OH) is a more effective catalyst. Thus, molecular recognition ¢@S€ of BNP hydrolysisy:*4 The lower the log protonation
can be ruled out as a major factor whyis 75 times greater constant of_the leaving group, the faster the hydroly5|§ of the
thanky. corresponding phosphate diester. When L-2La-2(OH) binds the
The unique third-order dependence on [L-2ica] [L-2La- ester oxygen, it lowers its basicity and, consequently, increases
OH], or [L-2La-2(OH)] sheds some light on the mechanism of the rate of hydroly_sis._The ester group becc_>m_es a petter leaving
the hydrolysis reaction. Figure 5 shows the proposed mechanismg"0Up when a L& ion is bound. However, this is a minor factor
for the hydrolysis of BNP by [L-2La-2(OHJ] The aggregation in ETS system. The log §tabll|ty con7stant for the fprmaﬂon ofa
of three dinuclear lanthanum complexes occurs only when BNP L& ree=(4-N) complex is only 1.6/ The interaction is very
is present. This was demonstrated by measuring ks of weak; thus, the basicity of the ester group is not lowered very
the lanthanum complexes at different concentrations (0.2 andMuch by binding to the L-2La-2(OH) complex. ) )
2.0 mM). Any interaction between individual Bacomplexes, The fourth-order rate constants are difficult to appreciate since
such as dimerization or trimerization, would be manifested in they are very large in magnitude. Based on the rate constants,
the decrease of thekg's of L-2La-OHp, L-2La-OH-OH, and ki andk,, the time required to hydrolyze 1 equiv of BNP at 35
L-La-OH, as their concentration in solution increases. However, ~C can be theoretically calculated. For [L-2La-2(OFHIL mM,
no difference within experimental error was observed for any 1 €quiv of BNP is hydrolyzed every 2.5 s. For L-2La-GHL
of the stability constants in Table 1. mM, 1 equiv of BNP is hyd_rolyzed every 192 s. This system is
When a L-2La-2(OH) complex encounters a free substrate, Very effective for hydrolyzing BNP. . _
the complex binds to one of the negatively charged oxygens of I he species distribution diagram for the 1:1 system is shown
BNP. A second complex binds to the other negatively charged in Figure 6. The rate constants are given by the squares. In this
oxygen. The third-order dependence on the dinuclear lanthanumSyStem the rate constants do not follow the formation or

complex implies that the first two complexes that bind the depletion of any one species. That is, no single species is
markedly more effective than any other. At each p[H] a

(25) Bazzicalupi, C.; Bencini, A.; Bianchi, A.; Fusi, V.; Giorgi, C.; Paoletti,

P.; Valtancoli, B.; Zanchi, DInorg. Chem.1997, 36, 2784.
(26) Bazzicalupi, C.; Bencini, A.; Bianchi, A.; Fusi, V.; Paoletti, P.;
Piccardi, G.; Valtancoli, Blnorg. Chem.1995 34, 5622.

(27) Smith, R. M.; Martell, A. E.; Motekaitis, R. Xritical Stability
Constants of Metal Complexagersion 5.0; NIST: Gaithersburg, MD,
1999.
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combination of species with comparable rate constants makelographically defined zinc-dependent phosphodiesterases contain
up the total observed rate constajys The rate law for the three zinc ions that are34 A, 4—5 A, and 5-6 A apart (Zn—

1:1 system is the following: Zny, Zm—2Zns, Zm—2nz).5~11 Although no structural data are
available, the LaLa distance in L-2La-2(OH) is-3.5 A due
rate= K, JL-La] ;o [BNP],\r to the presence of the bridging hydroxide ions. This is similar

to the enzymes’ Zpi-Zn; distance. A Zr-Zn distance of-5.4
) o . . A, similar to the enzymes’ Zn-Zng distance, is ideal for the
-tl)-hteh lf_.ltsys(;em_ IS S'I{ln;lar o tgi#g S{fte’.“ N :h?t :hey '€ coordination of a phosphate diestéwhile the 3.5 A M-M
oth first-order in [ fur an rd-order In catalyst con-  yistance is advantageous for the generation of a hydroxide

::entrattrl]on. t:;he c:verall ;atet cfonst';]antls.zfor ﬂ;e 1:_I1_hsystem ?renucleophile at physiological pH, the longer-N#1 distance of
ower than Ihe rate constants for Ine 1.2 system. 1nere are Wog , g g advantageous for binding the substrate. Phosphodi-

major reasons for t_h|s. F_|rst, the 1:2 system has two Ianth"’mumesterases may employ three metal ions in order to benefit from
ions acting as Lewis acids per complex compared to only one both strategies

lanthanum ion per complex in the 1:1 system. Second, dinuclear
complexes generate hydroxide nucleophiles at lower p[H] values Conclusions

than do rr_lononuclear complexes. Metal-coo_rdlnated hydroxide The dihydroxo dinuclear lanthanum complex, L-2La-2(OH),
nucleophiles can hydrolyze phosphate diesters faster than

coordinated aqua ions or free OHt low pH values. Unfor- is a very effective catalyst for hydrolyzing BNP. The rate

tunately, multiple regression on the kinetic data of the 1:1 system SO1Stant versus plH] profile follows the formation of L-2La-
could K,ot bep erfo%med due to the amount of rimér ydata 2(OH) in solution, and the individual rate constant for the

- P . - P y hydrolysis of BNP was calculated to ke = (4 = 1) x 1CP
required to solve for 45 independent variables.

. M~2 s71, The unusual third-order dependence on [L-2ka]
The 1:1 and 1:2 systems are catalytic systems. The presence. [L-Lalror is key to the proposed mechanism. The third

of deprotonated phenol groups on_the Iigan_d begs the questionL-ZLa-n(OH) that binds BNP is much more preorganized than
of whether a t_ransesterlflcatlon IS occurring rather thgn a the first two complexes that bind. An attack on the phosphorus
hydrolysis reactlon..ln a separate experiment involving a highly center on the side opposite the negatively charged oxygens is
conc_e_ntrated SO'U“OF‘ .Of [L-2Lajr and [BNP] a yellow the path of least resistance for the metal-coordinated hydroxide
precipitate occurred_W|_th|n secoqu. The NMR spectrum showed nucleophile. Overall rate constants for the hydrolysis of BNP
a pattern chgractensuc of the ligand plus two doublets in the by the 1:1 system were also obtained. Since they are much less
"’.‘roma“c region that coulq be .B.NP’ MNP, or a phosphorylated than the corresponding rate constants in the 1:2 system,
ligand. A+ESI spectrum identified the yellow solid as L-2La- cooperativity between the two Ba ions in the dinuclear
E:AINE'ZCBA small peak Wkas founfd at/é=m}06_7 [Is_i%LaI:'\/ZlTP- complex is evident. The two B4 ions in the complex lower

] ‘an & major péak was foun zZ= [L-2La- the K, of the bridging water molecules so that hydroxide
MNPJ* Slpce .the hydrolysis product was 'SOI‘.'ﬂed. and not .the nucleophiles form at lower p[H] values. Both Yfaions in the
transest_er_lflcanon p_roduct, a hydrolysis reaction is (_)perat|_ve. dinuclear complex take part in withdrawing electron density

Last, it is known in enzymé3and has been established in ~ fom the substrate. The high rate constants and third-order
model systent$:* that the distance between metal ions is a genendence hold much promise for future work on the hydroly-
large factor influencing the rate of phosphate diester hydrolysis. ¢is of DNA.
This is especially important considering the fact that crystal-
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