J. Am. Chem. S0d.996,118,1713-1718 1713

Characterization of Transition States in
Dichloro(1,4,7-triazacyclononane)copper(ll)-Catalyzed Activated
Phosphate Diester Hydrolysis

Kim A. Deal,™$ Alvan C. Hengge?f and Judith N. Burstyn*-t

Contribution from the Department of Chemistry, 1101 &émsity Avenue,
University of Wisconsin, Madison, Wisconsin 53706, and Institute for Enzyme Research,
1710 Unversity Avenue, Uniersity of Wisconsin, Madison, Wisconsin 53705

Receied July 13, 1998

Abstract: The reaction mechanism for Cu[9]ang,-catalyzed hydrolysis of ethyl 4-nitrophenyl phosphate was
probed using kinetic isotope effects and isotope exchange experiments. The solvent deuterium isotopk effect (
1.14), combined with the absence'®® incorporation into 4-nitrophenol, suggests that hydrolysis proceeds through
intramolecular attack of the metal-coordinated hydroxide at the phosphorus center. The setbhidatppe effect

(*% = 1.0013+ 0.0002) implies that loss of the leaving group occurs at the rate-limiting step with approximately
50% bond cleavage in the transition state. This study is one of the first applications of the sedéNdaojope

effect to simple metal-promoted hydrolysis reactions, and the result is consistent with concerted bond formation and
cleavage. A mechanism consistent with the isotope studies is presented.

Metal ions are essential cofactors in the reactions of many via a pentacovalent phosphorane intermediate or via a concerted
nucleases, and yet the precise role of the metal ion in the reaction with a phosphorane-like transition state structure. Metal
hydrolytic mechanism is uncleér. Similarly, many other complex-promoted hydrolysis of phosphate monoester mono-
biochemically important phosphoryl transfer reactions involve anions and all phosphate diesters has been proposed to occur
the action of metalloenzymes, frequently containing labile metal through the samenx2-type mechanism as the alkaline hydrolysis
ions such as zinc(ll) or magnesium().The mechanism of  of phosphate diestefs A metal-bound hydroxide nucleophile
metal complex-promoted phosphate diester hydrolysis has beerhas been proposed to attack the phosphorus center to form a
explored in detail for substitutionally inert metal complexes of pentacovalent phosphorane intermediate followed by rate-
Ir(111), ® but similarly detailed work has not been reported for limiting loss of the leaving group,but evidence for a phos-
labile metal systems involving Cu(ll). There are several features phorane intermediate has been limited. Indirect evidence for
of the reaction mechanism for labile metal-promoted phosphate such an intermediate has been obtained from labeling studies
diester hydrolysis which remain unclear, including the source involving cobalt(l11)-promoted hydrolysis of a bound phosphate
of the nucleophile and the type of intermediate or transition monoester monoanidhand a phosphorane intermediate has
state structure. been invoked in the proposed mechanism for mostifemd

The nucleophile has been clearly identified for Ir(lll)- labile*> metal complexes. The generally proposed mechanism
promoted phosphate diester hydrolysisThrough labeling for phosphate diester hydrolysis has been challenged recently
studies, it was shown that phosphate diester hydrolysis occurreddy studies of alkaline hydrolysis of activated phosphate diesters.
via an intramolecular attack of a metal-coordinated hydroxide The method of heavy atom isotope effects suggests that a
at the phosphorus center. A similar mechanism has beenconcerted mechanism is operatieHydrolysis of an activated
proposed for labile metal complex-promoted phosphate diesterPhosphodiester by the zinc(ll)-dependent enzyme phosphodi-
hydrolysis*5 Although intramolecular attack is the most e€sterase | proceeded with approximately 60% bond cleavage
commonly hypothesized mechanism, it is also possible that thein the transition state, clearly implicating a concerted reaction
metal-coordinated hydroxide could act as a general base topath* Although the authors attribute the efficacy of this

activate a solvent water molecule for attack at the phosphorus€nzyme to protonation of the phosphoryl group in the transition
center® state, the role of the zinc ion in the catalysis could scarcely be

assessed because of the paucity of relevant mechanistic data
for metal-promoted hydrolyses.

Heavy atom isotope effects have been used for many years
t Department of Chemistry. to study enzymatic reaction mechaniskis.Recently, the
¥ Institute for Enzyme Research. secondary!®N isotope effect has been shown to provide a

_ #In partial fulfilment of the Ph.D. degree in Chemistry, Ph.D. Disserta- - measyre of the amount of bond cleavage in the transition state
tion, December 1993.

At present, there are few experimental data available to
distinguish between metal-promoted phosphodiester hydrolysis
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for phosphoryl transfer reactioA%!® Measurement of the
secondary®N isotope effect on the alkaline hydrolysis of 3,3-
dimethylbutyl 4-nitrophenyl phosphate revealed about 50% bond
cleavage to the 4-nitrophenol leaving group in the transition
state, corresponding to a concerted mechandfsrpplication

of the secondar}’N isotope effect to metal complex-promoted
hydrolysis of activated phosphate diesters will allow for the
determination of whether the loss of the leaving group is rate
limiting and, if so, will provide an estimate of the percentage
of bond cleavage in the transition state. This information will

Deal et al.

The solvent deuterium isotope effect for the hydrolysi2diy 1
was determined. Reactions were performed i®tdr 99.99% DO at
pH > 9.0, corresponding to the pH-independent region of the pH vs
rate profilel* in order to eliminate any rate effect due to differences
between pH and pEf As a control, the reaction was run in CHES
buffer at pH+ 0.5 from the calculated pD, and tRk was determined
to be constant. In a typical experiment, freshly prepdretiock (11
mM) in either HO or D,O was added to a reaction mixture containing
50 mM CHES buffer (pH or pD> 9.1) in the same solvent and heated
to 50 °C in the spectrophotometer. A reference cuvette, identical in
all respects except lackirlig was similarly prepared. Freshly prepared

improve our understanding of metal-mediated phosphodiester2 stock (51 mM) in the appropriate solvent was added to the reaction

hydrolysis.
We have conducted detailed mechanistic studies of labile

metal complex-promoted activated phosphate diester hydrolysis.

Previously**we described the hydrolytic activity of Cu[9]angN
Cl, (1), an effective catalyst for phosphate diester hydrolisis.

In order to probe the mechanism in greater detail, a series of

mixtures, and the mixtures were allowed to equilibrate for 5 min. The
reactions in RO and HO were carried out in parallel under identical
conditions. The total reaction volume was 3.00 mL, the final
concentration ofl was 1.17 mM, the final concentration ®fvas 2.57
mM, and the ionic strength was adjusted to 0.1 MhwstM NaClQ,.

Isotope Incorporation Determination. The 0 isotope incorpora-
tion in the hydrolysis o by the catalyst derived frorhwas measured.

|_sot0pe effect studies have been perf_ormed. To obtain mfor_ma—The reaction mixture consisted of 50 n110 mM 1, and 30%%0H,
tion on the source of the nucleophile, the solvent deuterium ,q e pH was held constant at 7.2 with 0.5 M HEPES. The solution

isotope effect on the rate df-catalyzed phosphate diester \as heated at 76C in a heat block for 3 weeks, at which time the
hydrolysis has been determined. To assist in the determinationreaction had reached about 40% completion, as determined by the

of the rate-limiting step as well as to distinguish between a amount of 4-nitrophenolate formed. The 4-nitrophenol was isolated
pentacovalent phosphorane intermediate and a concerted mechby acidification followed by ether extraction. The ether layer was dried

anism, the secondaryN isotope effect for the hydrolysis of

over magnesium sulfate, and the ether was removed by rotary

ethyl 4-nitrophenyl phosphatg)(by 1 has been measured. These eyaporati(_)n. The resulting .yel.low .residue of. 4-nitrophenol was
studies have enabled us to develop a more complete understangissolved in 40G.L of D;0, and its identity was confirmed B NMR.

ing of the mechanism of metal-promoted hydrolysis.

/\N (I?
@-\Cu/Cl ’O—P—O—@—NOZ
N N
Cl
&/N 0-GHs
1 2

Experimental Methods

Materials. The biological buffers HEPESN¢(2-hydroxyethyl)-
piperazineN'-ethanesulfonic acid) and CHES (R-€yclohexylamino)-

The D,O was removed by rotary evaporation, and the sample of
4-nitrophenol was submitted for high-resolution mass spectrometry to
measure®0 incorporation.

Secondary®N Isotope Effect Determination. The secondari®N
isotope effect for the hydrolysis & by 1 was determined with the
natural abundance of nitrogen in the substrate by the method of Hengge
and Cleland® For these experiments, reactions involved isolation and
measurement of thé®N/*N ratio for 4-nitrophenol as describéd.
Specifically, the reaction mixture contained 5 niy1.25 mM1, and
20 mL of 0.1 M HEPES buffer, pH adjusted to 7.2. The reaction
mixtures were heated and stirred at 4D in an oil bath. After the
reaction reached 4660% completion, the reaction was stopped and
the amount of 4-nitrophenol produced was determined. The reaction

ethanesulfonic acid) were purchased from Sigma Chemical. Chelex mixture was acidified wh 1 M HCI and the 4-nitrophenol extracted

resin (sodium form) was also purchased from Sigma Chemical. The
isotopically labeled compounds;0 (99.99+%) and'®0H, (60—65%)
were purchased from Cambridge Isotope Laboratories. All chemicals
were used without further purification. Anhydrous analytical grade
diethyl ether (Mallinckrodt) was distilled at 3485 °C to remove higher
boiling impurities shortly before use. Sodium ethyl 4-nitrophenyl

phosphate and dichloro(1,4,7-triazacyclononane)copper(ll) were pre-

pared as describéd. All aqueous solutions were prepared with water
purified by passage through a Millipore purification system. The
instrumentation was as describéd.

Kinetic Procedures. The initial rate of production of 4-nitropheno-
late was monitored spectrophotometrically at 400 nm as descitbed.
All experiments were run in triplicate, and the data reported represent

three times with distilled diethyl ether. The ether extracts were dried
over magnesium sulfate and concentrated to dryness. The aqueous
layer, containing the unreacted substrate as well ass subjected to
rotary evaporation to remove dissolved ether. To prevent interference
with the >N measurement, was removed by passage thrbug5 mL
Chelex column, and the column was washed with-286 mL of H,O

to ensure recovery of all the unreacted substrate. The eluent was
hydrolyzed completely by the addition of enough NaOH to make a 1
M solution, followed by heating at 95C. Complete hydrolysis was
ensured by heating the basic solution for at least 30 h, which is 10
times the half-life for base hydrolysis at this pH and temperature. The
4-nitrophenol produced was isolated as before.

The purification and preparation of the 4-nitrophenol samples for

the average of these experiments with less than 5% deviation amongcompustion was performed by the method of Clel&hdriefly, the

the measurements.

The effect of temperature on the hydrolysis 2by the catalyst
derived froml was determined over the temperature range 80°C.
Reactions were performed in 50 mM CHES bulffer, the pH of the buffer

4-nitrophenol residues were purified by sublimation under vacuum at
95 °C, and the sublimed product was transferred to a quartz tube by
rinsing with distilled diethyl ether. The ether was removed from the
tubes under vacuum, and the tubes were prepared for combustion by

was adjusted to 9.1 at each reaction temperature, and the reactionne addition of a layer of CuO, a layer of copper metal, and a thin

mixture contained 1.00 mM and 10.0 mM2. The ionic strength was
0.1 M and was controlled wit5 M NaClQ,. Reactions were prepared
in parallel to insure identical conditions of pH, concentration, and ionic

strength and were pre-equilibrated at the desired temperatures. Four

different temperatures were used: in one experiment, the actual
temperatures used were 32.0, 50.2, 65.3, and 83.0The measured
temperatures are accurate 0.5 °C. To maintain a constant
temperature at 32C, an external ice bath was used to cool the water
circulator.

(13) Cleland, W. WFASEB J 199Q 4, 2899-2905.
(14) Deal, K. A.; Burstyn, J. Nlnorg. Chem, in press.
(15) Burstyn, J. N.; Deal, K. Alnorg. Chem 1993 32, 3585-3586.

piece of silver foil. The samples were combusted at 85dor 2 h,

then at 550°C for 8 h before cooling to room temperature.

After combustion, the nitrogen gas was separated from the water
vapor and carbon dioxide on a high-vacuum line by selective trapping
of the latter two gases with dry ice/alcohol and liquid nitrogen traps,
respectively. The nitrogen gas was deposited onto molecular sieves
cooled with liquid nitrogen and then released from the molecular sieves
by heating to 200°C for 15 min before transfer to the isotope ratio
mass spectrometer where the isotopic composition of thgdd was

(16) Glasoe, P. K.; Long, F. Al. Phys Chem 196Q 64, 188—190.
(17) Cleland, W. WMethods Enzymoll995 249 341-373.
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Table 1. Activation Parameters for Phosphate Ester Hydrotysis

AH* AS AG*P
nucleophile substrate (kJ mol?) (I mort K1) (kJ mol?) Keated x 10°s71 ref
[9]Cu-OH* 2 85 -79 108 0.58 d
(enplr-OH2* 2 69 -93 97 70 3
(enyCo-OH+ NPP 71 —65 90 900 9
OH~ BDNPP 80 —107 111 0.15 24

a Abbreviations: [9],1,4,7-triazacyclononane; en, ethylenediamine; NPP, 4-nitrophenyl phosphate; BDNPP, bis(2,4-dinitrophenyl) phosphate.
b AGF = AH* — TAS, calculated at 25C. ¢ Rate constants calculated at 45 for given activation parameteréActivation parameters calculated
from konsa = v/[LCu], where [LCu] is defined as previousty.

determined. The hydrolysis & by 1 was run in two triplicate sets, Solvent Deuterium Isotope Effect Analysis. The solvent
and the resulting values were averaged. kinetic isotope effec?k?® was determined in order to distinguish

To determine the isotopic composition of the starting material, 50 between a nucleophilic reaction path and a general base reaction
umol of 2 was placedn 1 M NaOH and heated at 9% for 30 h to path. A general base mechanism is usually associated with a

ensure complete hydrolysis. The 4-nitrophenol was extracted and solvent deuterium isotope effect ef2, while a nucleophilic
converted to nitrogen gas and the isotopic composition determined aSmechanism is usually associated with an isotope effect ranging
described abovevide suprg. The isotopic composition of the starting from 0.8 to 1.8 The solvent isotope effect observed for

material was also determined by direct combustion of 5 mg of blid . . - .
The isotopic ratios were identicyal within experimental errgr, and the 1-catalyzed hydr(_)lys_ls 02_'5 Pk = l_'?'4’ for re_aCt'ons ‘_:amed_
average was used. out under otherwise identical conditions. This value is consis-
The isotope effects were calculated using the isotopic ratio obtained tent with the intramolecular attack of a Cpordlnated nucleophllle
from the isotope ratio mass spectrometer. The three sets of isotope?VNere proton transfer does not occur in the rate-determining
ratios obtained were the product at partial reactigy), (the residual step. Table 2 lists published deuterium solvent isotope effects
substrate Ry), and the starting materiaR{). Measuring the isotopic for various phosphate ester hydrolyses for comparison with this
ratio of both the product at partial completion and the residual substrate measured value.

allowed two independent calculations of the isotope effect for each 180 |sotope Incorporation Determination of Bond Cleav-

experiment, one involvin®, andR, and one usin@s andR,.** age Site. Nucleophilic attack at the phosphorus center is the
most common mode of phosphate diester cleavage, but nucleo-
Results philic attack at the aromatic carbon is also possible. For

example, the alkaline hydrolysis of methyl 2,4-dinitrophenyl
phosphate occurred by a mixed mechanism where betd C
and P-0 bond cleavages were observédFor the hydrolysis
of 2 by 1, mass spectral analysis of the 4-nitrophenol indicated
no incorporation of80. The upper limit ofl80 incorporated

Computation of Activation Parameters. To determine the
effect of 1 on the magnitude of the activation barrier for the
hydrolysis of2, the activation parameters were measured in the
pH-independent region of the previously determined pH vs rate

profile!* The initial rate data were analyzed by use of the into the sampl)Le was 2%, well within e_xperimental error.
modified Arrhenius equation. The plot of In initial rate versus . Secondary™N Isotope Effegt Analysis. The secondar.}ﬁN
1T was linear, yieldingAH* = 85 + 1.7 kJ mof andASF = isotope effect can provide a direct measure of the transition state

bond cleavage of phosphate esters with 4-nitrophenol leaving
groups!® The effect arises from the resonance stabilization of

the partial negative charge resulting from partial cleavage of
the bond to the leaving group, through contribution from the

quinoid resonance structuré, Nitrogen bonds to oxygen are

—143+ 5 J molt K=1. These values were determined over a
limited temperature range; the error in the experimental
determinations is small, but extrapolation beyond this temper-
ature range may not be valid.

In order to compare the measured activation parameters to
reported values, the parameters were calculated from the first-
and second-order rate constants. The rate constants were N o‘<j>—wo2
calculated by applying the experimental reaction orders previ- Nu RQ
ously found for 1 (half-order) and2 (first order) to the
experimentally measured initial rat&. The magnitude oAH* 3
is independent of reaction order, bASF is dependent on the
reaction ordet? If the initial rates of reaction are converted to » £
Kobsd Dy removing thel dependence, theanH* = 85 + 1 kJ ’O—Q—N*\ -~ 0=<:>=N’
molt andASF = —79 4+ 1 J mot! K~1. Since the reaction ]
was catalytic inl and there was a 10-fold excessato 1, the
concentration of is negligible; therefore, this calculation gives o ) )
a reasonable value faxSF. If the initial rates of reaction are ~ more stiffening than nitrogen bonds to carbon in terms of
converted to second-order rate constants by removing both thevibrational frequencies, and th#N label will enrich in the more

1 and 2 dependencies, theAH* = 85 kJ mof! and ASF = stiffy bonded neutral species. A normal isotope effect (value
—40 J mofl K1, greater than 1.0000) is therefore expected for the formation of

the 4-nitrophenolate anion.
The isotope effect was calculated from the ratio of masses
obtained from the isotope ratio mass spectrometer by the

Relatively few workers have reported activation parameters
for metal complex-promoted phosphate diester hydrolysis. A

compilation of the reported values for metal complex-promoted - o .
P P pexp literature method® A measure of the precision of the experi-

phosphate diester, metal complex-promoted phosphate mono ; . )
ester, and alkaline phosphate diester hydrolyses is given in Tablgnent can be obtained by comparing the isotope effect calculated

1 from R, andR, to the isotope effect calculated froRy andR..
(20) Northrop, D. B. Insotope Effects on Enzyme-Catalyzed Reactions
(18) O’Leary, M. H.Methods Enzymoll98Q 64, 83—104. Cleland, W. W., O’Leary, M. H., Northrop, D. B., Eds.; University Park
(19) Investigations of Rates and Mechanisms of Reactiéth ed.; Press: Baltimore, MD, 1977; p 122.

Bernasconi, C. F.; Ed.; John Wiley & Sons: New York, 1986; Part I. (21) Kirby, A. J.; Younas, M. JJ. Chem Soc B 1970 1165-1172.
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Table 2. Solvent Deuterium Isotope Effect for Phosphate Ester equilibrium, the protonation constant for the coordinated water,

Hydrolysis' substrate exchange on the catalyst, and the hydrolysis reaction.
nucleophile substrate  Pkb mechanisrh ref The forward and backward rates in the monordimer
[9]Cu-OH" 2 114 n this work equilibrium, as well as the substrate exchange and the depro-
OH- BDNPP 1.55 ? 24 tonation steps, are expected to be fast, largely influenced by
(enCo-OH*  NPP 1.20 n 9 rapid proton transfer and ligand exchange rates. Ligand
pyridine MDNPP 1.0 n 21 exchange on Cu(ll) typically occurs with rate constants ¢f 10
acetate ion MDNPP 1.1 n 21

s 122 Exchange rates and activation parameters for solvent
a Abbreviations: [9],1,4,7-triazacyclononane; en, ethylenediamine; exchange on Cu(MeOR)" have been reported; an exchange

NPP, 4-nitrophenyl phosphate; BDNPP, bis(2,4-dinitrophenyl) phos- rate ofkexen = 3 x 107 s71 (at 25°C) and aAH* = 17 kJ/mol

phate; MDNPP, methyl 2,4-dinitrophenyl phosph&@he isotope  \ere measured for this systéf. For the purposes of the

effect notation used is that of Northrépin which isotope effects are . o . -
shown by a leading superscript. The kinetic isotope effE® is following qualitative comparisons, we have assumed that since

written asPk, where D corresponds to deuteriuiMechanism assigned ~ 10Ss of the leaving group is rate limiting in hydrolysis 2by
by criteria described in the text: n, nucleophilic; ?, not conclusive. 1, the measured temperature dependence is largely due to this
d Ratio ofvu/vp measured under identical conditions of metal complex step in the reaction mechanism.

concentration, substrate concentration, temperature, and pH. It is of interest to determine the extent to which the presence

Table 3. Comparison of the Seconda§N Isotope Effect for of 1 decreases the free energy barrier to hydrolysi&.ofTo
Hydrolysis of Alkyl 4-Nitrophenyl Phosphate by a Series of directly compare the activation energy fbhydrolysis of2 to
Nucleophiles that for alkaline hydrolysis 02, it is necessary to estimate the
approx % energy barrier for alkaline hydrolysis & The rate of this
hydrolytic systerh % bond cleavage reaction is sufficiently slow that temperature dependence studies
[9]Cu-OH* 1.0013+ 0.0002 46 are not feasible; the data available in the literature is for the
OH- 1.00164 0.0001 57 alkaline hydrolysis of bis(2,4-dinitrophenyl) phosphételn
H* _ 1.0009+ 0.0002 32 general, the rate constant for the hydrolysis of activated
pB-cyclodextrin 1.0013t 0.0001 47

phosphate diesters increases with a more aci#ig gf the
leaving group?'24 therefore, theAG* for alkaline hydrolysis

2 Reported errors are standard err@rBata for comparison with  of bis(2,4-dinitrophenyl) phosphate is expected to be smaller
[9]c;-_ortr;] atre ]fr?\lm 't'tge”g)g? anﬂ_crl]e!aﬁ?? The ]irSOt?pe eﬁef{‘ notagon than the activation barrier for alkaline hydrolysis &f since
used is that of Northrof in which isotope effects are shown by a O : - .
leading superscript. The kinetic isotope effetk!® is written as'*k, 2'4'd'n'tr°phen0|_'s more ac"?"c than 4'”'_tr°phen0|' Thi rate
where 15 denoted®N.  The percentage of bond cleavage in the constant for alkaline hydrolysis @&was estimated as 1Bs
transition state is calculated relative to a standard reference accordingat 25 °C by Hendry and Sargesdnand therefore AGF is
to the method of O’Lear}® The use of this standard and the calculation expected to be 10 kJ mdl higher than that for bis(2,4-

method assume a value 8k = 1.0028 to represent complete bond o ; :
cleavage in the transition state (see text) and assume a linear relatio dinitrophenyl) phosphate. From this data we estinis@ to

between isotope effect and the fraction of bond cleavage. 'be 120 ka mot for the alkaline hydrolysis o2.

The AG* estimated for the alkaline hydrolysis & is
The two values are expected to be the same, and the valuegompared to the hydrolysis &f by 1 or (enyir-OH**. The
reported here are consistent with one another to within presence of the catalyst, causes an estimated decreasa@f
experimenta| error. The overall isotope effected= 1.0013 of 12 kJ mof? relative to the estimatedG* for alklaine
+ 0.0002 was obtained by averaging the isotope effects hydrolysis of2. The corresponding increase in the rate constant
calculated for bottR,, andR, for a total of six experiments. A is calculated to be ¥0approximately the same magnitude as
comparison with secondaijN isotope effects for phosphate the rate increase that was observed previdésier the

diester hydrolyses in several other systems is given in Table 3.hydrolysis of bis(4-nitrophenyl) phosphate byvhen compared
to the alkaline hydrolysis of the same substrate at comparable

phosphodiesterase | 1.00%70.0002 61

Discussion concentrations ofl and hydroxide. A decrease iRG* of 22
. kJ mol is noted for (emr-OH2"-promoted hydrolysis of
Effect of Metal Complexes on the Activation Parameters.  compared to the alkaline hydrolysisaf Although the decrease

There has been no attempt in the literature to interpret the iy AG* is consistent with the preorganization of the metal-bound
activation parameters for metal complex-promoted phosphategpsirate, the entropic contribution is about the same as that
diester hydrolysis, and the relatively few parameters that have ¢, nq in1 hydrolysis of2. Preorganization of the nucleophile
been reported are compiled in Table 1. The complexity of anq sybstrate in the metal complex is expected to result in a
hydrolysis reactions combined with the large number of species |oqq negativ\S; however, no difference in the entropic effect

in solution prohibit extensive interpretation; however, several is gpserved. Interestingly, a substantiAH* decrease is
generalizations are noted. There is a considerable range ofypserved for (en)r-OH2+-promoted hydrolysis 0 compared
values observed for bothH* andAS' but no trend is evident. to 1 hydrolysis of2. The 3t charge on the metal as well as

In all cases,AS' is less than zero as expected for bringing he preorganization of the complex in an orientation favorable

together multiple reactive species in solution. The free energy for nycleophilic attack presumably contributes to lower the
barriers AG* for various phosphate diester hydrolyses have been gy erall activation enthalpy. TheAG* for (enplr-OH2*-

calculated from the reportetiH* andAS' values and are listed promoted hydrolysis o2 is 10 kJ mot? less than theAG* for

. . + . X .

in Table 1. Frchln_the ratio oAG's for the hydr_oly¢3|s o2 by 1-catalyzed hydrolysis of the same substrate, suggesting that
lor (e“)2|2'OH , itis noted that an increase IRG™ of about  he gyerall thermodynamic contribution of the Ir(gf)complex

5 kJ mol™ results in a 10-fold decrease in the rate constant. i sypstantial. The lower activation barrier corresponds to a 2

+ . ) .
The presence of a metal complex lower®G" for phosphate  rgers of magnitude increase in the rate constant of Ir(Ill)
diester hydrolysis, as would be predicted for any compound
which promotes a reaction. (22) Wilkins, R. G.Kinetics and Mechanism of Reaction of Transition
; ; Metal Complexes2nd ed.; VCH: Weinheim, Germany, 1991.
In the case of hydrolysis a by 1, it should be T‘Oted that (23) Helm, L.; Lincoln, S. F.; Merbach, A. E.; Zbinden, Dorg. Chem
the initial rates measured reflect the composite effect of 19gq 25 2550-2552.

temperature on four distinct processes: the monerdi&ner (24) Kirby, A. J.; Younas, M. JJ. Chem Soc B 197Q 510-513.
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compared to the rate constantlof Assuming that the lowering Position of Bond Cleavage. While the solvent deuterium
of the activation barrier can be assigned to the combination of isotope effect indicates that the reaction occurs by nucleophilic
preorganization of the metabubstrate complex and more attack of the coordinated hydroxide, the solvent isotope effect
effective charge neutralization, approximately 2 orders of does not distinguish between attack at phosphorus and attack
magnitude of the 6x 1077 s™! rate constant measured for at the aromatic carbon. Although attack at the aromatic carbon
1-catalyzed hydrolysis a2 can be assigned to the equilibrium appears unlikely, nucleophilic aromatic substitution at a ring
between the catalyst and the phosphate diester substrate. Thearbon has been observed in the hydrolysis of other aryl
remaining value of 6x 107® s can be attributed to the = phosphate estef$. To gain information on the site of bond
hydrolysis of the phosphate diester. cleavage, the hydrolysis &by 1 was run in the presence of

Intramolecular versus Intermolecular Nucleophilic Attack. 180H,. If the coordinated hydroxide attacks at the phosphorus
In general, intramolecular nucleophilic attack has been associ-center, then thé®O label will not be incorporated into the
ated with large rate accelerations due to the increased order of4-nitrophenol product. On the other hand, coordinated hydrox-
the systen?® Intramolecular attack of a coordinated hydroxide ide attack at the aromatic carbon will result #O label
at the phosphorus center has been conclusively demonstratedncorporation into 4-nitrophenol. The insignificant quantity of
for phosphate diester hydrolysis by substitutionally inert metal %0 detected by mass spectral analysis of the 4-nitrophenol
complexes of Co(lll) and Ir(IlI}° A similar mechanism has  produced byl-catalyzed hydrolysis of indicates that the
been proposed for Cu(2;Bipyridinef*-catalyzed hydrolysis  reaction proceeded essentially completely through attack at the
of 2, but no direct evidence was reported. phosphorus with the corresponding-®© bond cleavage, with

A classic method for probing the difference between a hegligible or no competing €0 bond cleavage.
nucleophilic mechanism and a general base mechanism is to Secondary **N Isotope Effect. The generally postulated
measure the solvent deuterium isotope effeBor the reaction ~ mechanism for activated phosphate diester hydrolysis by a metal
of 1 with 2, the two possible reaction pathways are either direct complex involves the formation of a pentacovalent phosphorane
nucleophilic attack by the coordinated hydroxide at the phos- intermediate followed by the rate-limiting loss of the leaving
phorus or nucleophilic attack at the phosphorus by an activatedgroup. Although attempts have been made to detect the
water molecule. Since no transferable proton will be involved phosphorane intermediate, all have been unsuccéssiulstead
in the rate-limiting step for the former mechanism, a normal of directly detecting the intermediate, the reaction mechanism
solvent deuterium isotope effect will be observed only for the can be probed at the rate-limiting step with the seconéy
latter case. The measurekiof 1.14 forl-catalyzed hydrolysis  isotope effect?26
of 2 (Table 2) implies that no proton transfer is involved in the Since an isotope effect will only be observable to the extent
rate-limiting step. This observation suggests that the mechanismthat the isotopically sensitive step is rate limiting, the presence
involves intramolecular nucleophilic attack by a copper(ll)- or absence of an observeN isotope effect will give
coordinated hydroxide. An alternative explanation, that an mechanistic information. For metal complex-promoted phos-
inverse isotope effect on a different step in the reaction phate diester hydrolysis with a good leaving group like
mechanism is obscuring a large normal isotope effect, can be4-nitrophenol, the mechanism can be associative or concerted.
ruled out by the following considerations. As mentioned In an associative mechanism, the formation of a pentacovalent
previously, exchange rates on Cu(ll) are much more rapid than phosphorane intermediate is rate limiting, followed by the rapid
hydrolysis; therefore, kinetic isotope effects on processes loss of the activated leaving group. Since the loss of 4-nitro-
dominated by ligand exchange, such as the moneriener phenol will not be involved in the rate-limiting step, no
equilibrium, will not be measured in this experiment. The same secondary®N isotope effect is expected. A concerted reaction
argument holds true for proton transfers. Any equilibrium mechanism, where the bond between the phosphate and the
solvent isotope effect on the protonation constant for the metal 4-nitrophenol is breaking at the same time as the bond between
complex is eliminated by carrying out the reactions well above the nucleophile and the phosphate is forming, will yield a normal
the K, of the coordinated water. An equilibrium solvent secondary°N isotope effect proportional to the extent of bond
isotope effect on the monomedimer equilibrium is possible,  cleavage in the transition state. A dissociative mechanism is
although the monomerdimer interconversion most reasonably considered unlikely for phosphodiester hydrolysis, even in the
occurs via ligand dissociation or aquation and not proton presence of an activated leaving grddp.
transfer. Previous work on the alkaline hydrolysis of 4-nitrophenyl

The solvent deuterium isotope effect strongly implicates an phosphate suggests that the reaction is concerted with a
intramolecular reaction, with attack of the coordinated hydroxide dissociative transition staté?® The secondary®N isotope
on the phosphorus atom. Such isotope effects have not beereffect for the alkaline hydrolysis of 4-nitrophenyl phosphidie
measured previously for labile metal complex-promoted phos- = (1.0028) is the largest observed, supporting the earlier
phate diester hydrolyses. Solvent deuterium isotope effects thatconclusion that bond cleavage to the leaving group is far
have been measured for organic nucleophiles used to promoteadvanced in the transition stafe.The maximunmtS, represent-
phosphate ester hydrolysis indicate an intramolecular nucleo-ing complete bond cleavage in a dissociative mechanism, is
philic mechanisn?! The solvent isotope effect for hydrolysis unknown, but the large value observed for alkaline hydrolysis
of the coordinated 4-nitrophenyl phosphate in the metal complex of 4-nitrophenyl phosphate has been used as a standard,
Co(eny(4-nitrophenyl phosphate)(OHhas been measured and representing virtual total bond cleavae.This reference
was also assigned to an intramolecular nucleophilic mechahism. reaction is a phosphate monoester hydrolysis, and while it is
Interestingly, the alkaline hydrolysis of bis(2,4-dinitrophenyl) not ideal for comparison with phosphate diester hydrolyses, it
phosphate gave a solvent deuterium isotope effect of 1.55, ais the best that is available. Calculating the percentage of bond
value which the authors assigned to a general base mechénism, cleavage at the transition state relative to the alkaline hydrolysis
although this value is lower than that usually found for general of 4-nitrophenyl phosphate therefore provides a lower limit on
base reactions. A solvent deuterium isotope effect in the range —— .
1.5-2.0 is generally considered inconclusive for either type of 195(;256)1'1";%%91%_%5& Tobin, A. E.; Cleland, W. W. Am Chem Soc
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linear relationship between isotope effect and the fraction of
bond cleavage; this model provides the best current method to
evaluate the data, albeit in the absence of experimental valida-D would be observed, and therefore, ¥l isotope effecttk
tion. Forl-catalyzed hydrolysis d?, the secondar{N isotope = 1) in the leaving group is expected since the bond to the
effect was measured as 1.00330.0002. The presence of a leaving group has not broken. The experimentally observed
normal isotope effect confirms that the loss of the leaving group magnitude of-5k thus rules out this associative mechanism. An
occurs at the rate-limiting step. In the transition state for the alternative direct route from A to D via concerted deprotonation
hydrolysis of2 by 1, the leaving group bond cleavage is about and nucleophilic attack predicts a significant value Farand
50%, and this value corresponds best to a concerted mechanisma 15 of unity and is therefore also ruled out by the experimental
as discussed in detail below. data.

Mechanistic Analysis. The isotope effect studies discussed
above, combined with the kinetic data reported previotsly, conclusion
enable us to evaluate the detailed mechanismlfoatalyzed
hydrolysis of activated phosphate diesters. The mechanistic Isotope effect studies have provided detailed mechanistic
possibilities, illustrated in Schemes 1 and 2, are now discussedinformation for the hydrolysis oR by 1 that could not be
in detail. The catalytically active copper(ll) hydroxide complex obtained from basic kinetic studies. This work demonstrates
binds directly to the phosphate diester to foAnpositioning the utility of secondary®N isotope effects for studying metal
the coordinated hydroxide for intramolecular nucleophilic attack complex-promoted reactions of phosphate esters with a 4-nitro-
at the phosphorus center. One possibility is that specimay phenol leaving group. From the data reported abdveata-
react via nucleophilic attack simultaneous with leaving group lyzed hydrolysis of activated phosphate diesters is shown to
departure in a concerted mechanism, followed by rapid depro- proceed through a concerted reaction mechanism. Further data
tonation to giveE. This mechanism, which we believe to be for labile and inert metal complex-promoted hydrolysis of
operative, is shown in Scheme 1. There is no proton in flight activated phosphate diesters will need to be collected to
in the rate-determining step, consistent with the near unity value determine if the proposed mechanism holds true for other metal-
of Pk observed. Partial cleavage of the bond to the leaving group promoted hydrolyses.
is in agreement with the observed moderate value-for
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the bridging oxygen atom and competing loss phitro-
phenolate. Given the very lowkp of the proton inB and the
alkaline conditions of the reaction, proton loss fr@&will be
extremely rapid. In contrast, loss piitrophenolate is known
from the isotope effect data to be the rate-limiting step in the
overall mechanism. From these relative rate considerations,
B—D—E is clearly the most likely reaction path. The formation
of intermediateD will be rapid and essentially irreversible under
the alkaline reaction conditions, amwill therefore partition
completely forward by loss gF-nitrophenolate to giv&. Under
these circumstances, only isotope effects on the formation of JA952306P
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