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Abstract: Information about the transition states of metal-catalyzed hydrolysis reactions of model phosphate
compounds has been obtained through determination of isotope effects (IEs) on the hydrolysis reactions.
Metal complexation has been found to significantly alter the transition state of the reaction from the alkaline
hydrolysis reaction, and the transition state is quite dependent on the particular metal ion used. For the
diester, ethyl p-nitrophenyl phosphate, the nonbridge 80 effect for the hydrolysis reactions catalyzed by
Co(lll) 1,5,9-triazacyclononane and Eu(lll) were 1.0006 and 1.0016, respectively, indicative of a slightly
associative transition state and little net change in bonding to the nonbridge oxygen. The reaction catalyzed
by Zn(ll) 1,4,7,10-tetraazacyclododecane had an 80O nonbridge IE of 1.0108, showing the reaction differs
significantly from the reaction of the noncomplexed diester and resembles the reactions of triesters. Reaction
with Co(lll) 1,4,7,10-tetraazacyclododecane showed an inverse effect of 0.9948 reflecting the effects of
bonding of the diester to the Co(lll). Lanthanide-catalyzed hydrolysis has been observed to have unusually
large 15N effects. To further investigate this effect, the °N effect on the reaction catalyzed by Ce(IV) bis-
Tris propane solutions at pH 8 was determined to be 1.0012. The °N effects were also measured for the
reaction of the monoester p-nitrophenyl phosphate by Ce(IV) bis-Tris propane (1.0014) and Eu(lll) bis-Tris
propane (1.0012). These smaller effects at pH 8 indicate that a smaller negative charge develops on the
nitrogen during the hydrolysis reaction.

Introduction physiological pH as well as Lewis acid activation of the
substrate. The dimeric model systems are particularly efficient
since they provide double Lewis acid activation of the diester,
thus enabling nucleophiles to attack the phosphorus center very
eadily?

Since metal complexes have been found to be capable of
catalyzing cleavage of model phosphodiesters, there has been
considerable interest in making metal-containing artificial
nucleases Lanthanide(lll), cerium(lV), zinc(ll), or cobalt(l)
complexes have been investigated for their ability to hydrolyze

the phosphodiester bonds in DNA or RNAhis work has been

Phosphodiesters are well-known for both their importance
as biomolecules and their stability, with some phosphodiesters
having exceptional stability. For instance, the half-life for
hydrolysis of double-stranded DNA is estimated to be well over r
100 000 year$.The stability of phosphodiesters makes them
excellent systems for information storage, but at the same time,
there must be enzymes that hydrolyze phosphodiester bonds
when needed. It is often found that the enzymes that are involved
in bond cleavage contain metal ions. For instance, P1 nuélease

contains a trimeric zinc center, and other nucleases contain tended b K ft tina t K ificial tricti
Mg(ll) or Fe(lll) as well as Zn(II)? extended by workers attempting to make artificial restriction

In order to understand the enormous rate accelerations Ofenzymes which will hydrolyze the DNA or RNA at specific

equences. With this approach, a metal center, often a lanthanide
phosphodiester hydrolysis provided by the nucleases, a numbe||son that can hydrolyze the phosphodiester is attached to protein

of metal-containing model systems have been synthesized thatthat can recognize a specific base sequence in the DNA or RNA.
attempt to mimic the enzymes in reactions with model diesters.
There has been some progress in making such artificial

The effectiveness of these model systems generally results from
the intramolecular nucleophile generated by the metal ion at nucleases, with either Ln(lll), Ce(IV), Cu(ll), or Eu(ill

complexe$.
IU”'VefS'W of Wisconsin. (5) Hurst, P.; Takasaki, B. K.; Chin, J. Am. Chem. Sod996 118 9982-
Auburn University. 9983. Branum, M. E.; Tipton, A. K.; Zhu, S.; Que, . Am. Chem Soc
§ Utah State University. 2001,123 1898-1904. Boseggia, E.; Gatos, M.; Lucatello, L.; Mancin,
(1) Radzicka, A.; Wolfdenden, RSciencel995 267, 90—93. F.; Moro, S.; Palumbo, M.; Sissi, C.; Tecilla, P.; Tonellato, U.; Zagotto,
(2) Volbeda, A.; Lahm A Saklyama F.; Suck, BMBO J.1991, 10, 1607~ G. J. Am. Chem. So2004 126 4543-4549. Korupoju, S.; Mangayakarasi,
1618. N.; Zacharias, P.; Mizuthani, J.; Nisihara, lHorg. Chem2002,41, 4099-
3) Blasko A.; Bruice, T. CAcc. Chem. Red.999 32, 475-484. 4101. Hettich, R.; Schneider, J.11.Am. Chem. S0d997119, 5638-47.
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Figure 1. Positions of isotope effect measurements in EtpNPP.

Since metal ion catalysis of phosphodiester reactions is so
common, a complete description of the transition state of
phosphodiester hydrolysis catalyzed by a variety of metal ions
should be obtained. One way of investigating the transition state
of the reaction is through the study of the effects of isotopic
substitution in the substrate on the reaction rate. Previous’work
has looked at the hydrolysis of the model diester ethyl
p-nitrophenyl phosphate (EtpNPP) catalyzed by complexes of
Co(lll), Zn(l), or Cu(ll) or aqueous Eu(lll). Although this
diester has a good leaving group, which is not the case in DNA
hydrolysis, extensive studies have been done ysinigrophenyl
esters$ and a complete study of all types of esters should be
undertaken to show the range of mechanisms possible in

phosphoester hydrolysis. Figure 1 shows the positions where

isotopic substitution can be used in EtpNPP. The effects on the
rate of substituting thé*N in the nitrophenol group witA5N
were determined. Among other results, it was found that
Eu(lll) showed an unusually largéN isotope effect with
EtpNPP, which mirrored a larg®N isotope effect observed
with the Eu(lll) or Er(lll) catalyzed cyclization of uridine’-3
p-nitrophenyl phosphat&Both of these measured isotope effects
were larger than the equilibrium isotope effect for the dissocia-
tion of a proton fronp-nitrophenyl phosphate (pNPPput were
approximately of the same size as observed in a metaphosphat
like transition state for hydrolysis of pNPP.

The effects of substitutingfO for 10 in the bridge position
of the EtpNPP were obtainéddowever, substantial additional

information about bond changes in the transition state can be

obtained by determining the effect on the rate of substitution
of the nonbridge oxygens of the EtpNPP wiff©. Thus, in
this paper, the hydrolysis of isotopically substituted EtpNPP is
investigated, using Co(lll) or Zn(ll) complexes and aqueous
Eu(lll) as model catalysts. To further investigate the unusual
lanthanide effects'°N isotope effects were determined for the
Ce(lV) catalyzed hydrolysis reaction of the diester EtpNPP and
Ce(lV) and Eu(lll) catalyzed reactions of the monoester pNPP.
Figure 2 shows the ligands that were used in this investigation.

Experimental Section

Materials. 1,4,7,10-Tetraazocyclododecane (cyclen) sulfate, 1,5,9-
triazacyclononane (tacn), disodiupanitrophenyl phosphate, bis-Tris
propane (BTP), (NB.Ce(NQ)s, and Eu(NQ); were obtained from
Aldrich. Cyclen was purified by precipitation of the sulfate as barium
sulfate and then recrystallization from hydrochloric acid. [Co(lll)

(7) Rawlings, J.; Cleland, W. W.; Hengge, A. L.Inorg. Biochem2003 93,
61-65. Deal, K. A.; Hengge, A. C.; Burstyn, J. N. Am. Chem. Soc
1996 118 1713-1718.

(8) Hengge, A. CAcc. Chem. Re002 35, 105-112.

(9) Rishavy, M. A.; Hengge, A. C.; Cleland, W. \Bioorg. Chem200Q 28,
283-292.

(10) Hengge, A. C.; Cleland, W. W. Am. Chem. S0d99Q 112, 7421-7422.
(11) Hengge, A. C.; Edens, W. A.; Elsing, H. Am. Chem. S0d.994 116,
5045-5049.

(ClOy)3s** using the ethyl diester in place of the methyl diester, and
nonlabeled EtpNPP were synthesized by literature proceduréd\ ]
nonbridge®O,]EtpNPP and“N-EtpNPP were synthesiz&dand then
mixed together to reconstitute the natural abundance of 0.379Mof

Kinetics. Kinetic data were obtained on a Cary 300 spectropho-
tometer that was equipped with a Peletier temperature controller. Initial
rates of the reaction were determined by following the increase in
absorbance at 400 nm. Reaction conditions of 60 mM BTP, pH 8.5,
and 1.67 mM phosphoester concentration duplicated the conditions of
the isotope effect reactions.

Isotope Effect Sample PreparationFifty xmole samples of EtpNPP
were used to determinB,, the >N/“N ratio in unreacted starting
material. One hundredmole samples of EtpNPP were used to begin
IE experiments, which were stopped after partial conversion to
determineR,, the ratio of!>N/*N in the product, andR;, the ratio of
IN/N in the residual substrate. Enough [Co(lll) cyclesiCl was
added to a 2.5 mM solution of EtpNPP equilibrated at’&0in 100
mM Hepes buffer, pH 7, to give a 10 mM final concentration of
Co(lll). [Zn(11) cyclen]Cl; was added to a 20 mM solution of EtpNPP
equilibrated at 80C in 0.1 M EPPS, pH 8.5 so that the final Zn(Il)
concentration was 40 mM. Eu(NJd was addedd a 2 mMsolution of
EtpNPP in 50 mM MES, pH 6.3, 50C so that the final Eu(lll)
concentration was 10 mM. [Co(lH)tacn} (OH)(EtpNPP)](CIQ)s,
at 80 mM concentration, was dissolved in 0.1M Hepes, pH 7,
equilibrated at 50C. (NH,).Ce(NQ)s was dissolved in a solution that
was 60 mM in BTP, pH 8.5, to give a final Ce(lV) concentration of
3.33 mM. The phosphate compound was then added so the final

eF_)hosphate concentration was 1.67 mM. Reactions were carried out at

25 °C for pNPP and 50C for EtpNPP. Eu(NG); was dissolved in 36
mM BTP solutions, pH 8.5, to give a solution 10 mM in Eu(lll), after
which pNPP was added to a final concentration of 2 mM. The reaction
was followed at 25C.

Isotope Effect Reactions.Reaction progress was monitored on a
Cary 300 spectrophotometer at 400 nm. Reactions were quenched at
approximately 50% conversion by adjusting the pH to 4. The product
p-nitrophenol was then isolated by extracting the solution three times
with an equal volume of distilled ether. To obtain the residual substrate,
the reaction mixture was adjusted back to the initial pH and allowed
to go to completion. This solution was once again extracted with ether
after the pH was adjusted back to 4.

The ether solutions were dried with Mgd@nd evaporated to
dryness. The-nitrophenol was then vacuum sublimed at°@after
which it was put in quartz tubes with copper and copper(ll) oxide.
The tubes were evacuated, sealed, and heated at@%5@r 2 h. The
nitrogen gas was separated from carbon dioxide and water vapor on a
high vacuum line and collected on molecular sieves chilled with liquid
nitrogen. The sieves were then heated to 2000 release the Ngas
which was then analyzed on a Finnegan MAT Delta isotope ratio mass
spectrometer.

Isotope Effect Measurements.The >N isotope effects were
determined using the natural abundancé®hf found in nitrophenol.

(12) Collman, J. P.; Schneiddnorg. Chem1966 5, 1380-1384.

(13) Norman, P. RInorg. Chim. Actal987 130, 1—-4.

(14) Williams, N. H.; Cheung, W.; Chin, J. Am. Chem. So&998 120, 8079~
8087.

(15) Hendry, P.; Sargeson, A. M. Am. Chem. Sod.989 111, 2521-2527.

(16) Hengge, A. C.; Tobin, A. E.; Cleland, W. W. Am. Chem. Sod.995
117, 5919-5926.
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140 measure of the degree of fission of the-® bond in the
transition state. For extensive bond fission in the leaving state,
120 : .
an isotope effect of1.03 may be expected, with smaller values
~ 100 expected for less advanced bond fisst®®rotonation of the
@ leaving group may also reduce this effect. Monoesters exhibit
“"9 801 the largest values for this isotope effect, while the observed
x 60 values for alkaline hydrolysis for bridg€O isotope effects for
_ﬁ diesters withp-nitrophenol as the leaving group are in the range
40 1 1.0042-1.00638
20 - As the P-O bond breaks, charge delocalizes into the
nitrophenol leaving group, changing the bonding of the nitro
0s group. If this step is rate limiting, N secondary isotope effect
0 ! 2 3 4 5 will be observed which is expected to be normal and propor-
[Ce(IV)], mM tional to the extent of bond cleavage in the transition state.

Figure 3. Dependence dfyps on [Ce(IV)], 60 mM BTP, pH 8.5, circles;
EtpNPP reaction, 56C; triangles, pNPP reaction, 2&.

The 180 isotope effects were measured with the remote label method,
using the nitrogen in the nitrophenol group as the reporter molecule.

The ratios of'®N/*N in the product nitrophenol formed at50%
reaction Ry), in the residual substrat®&d), and in the unreacted starting
material R,) were determined by oxidation to,Nind measuring the

Secondary®0 effects in phosphoesters arise from alterations
in hybridization of the oxygens or from changes in the bending
or torsional modes in the transition states. From the values
observed for phosphoesters, changes in bond order dominate.
Typical values for the nonbridge oxygen in diesters range from
1.0028-1.00568

Since a diester coordinated to two metal ions might be

15N/HN ration with an isotope ratio mass spectrometer. Isotope effects considered to more closely resemble a triester than a diester, it

were calculated from the equations:

Isotope effect from residual substratelog(1 — f)/log[(1 — f)( R/
R.)] and

Isotope effect from product log(1 — f)/log[1 — f(RY/Ro)],

wheref is the fraction of reaction, anR,, Rs, andR, are defined
above.

is relevant to consider the isotope effects measured for the
related compound O,O-diethy-nitrophenyl phosphate. The
measured bridgE0 effect for the compound was 1.006, which
together with the®™N effect of 1.0007 was taken to mean that
the phenolic oxygen bond order was about 0.75 in the transition

0 ,
When used with a substrate that only contains natural abundanceState: The secondary®O effect of 1.0063 was interpreted as

15N, these equations give théN isotope effect. To obtain th&0
isotope effect, substrate substituted witd and >N is mixed with

resulting from a phosphoryl oxygen that had a bond order of
1.85 in the transition state, indicating that there was not very

160, 14N substituted substrate so that the mixture is close to natural much bond loosening in the triester reaction and that the reaction

abundance i#°N. After R,, Rs, andR, are determined with this mixture,

proceeds with a fairly tight transition state.

the isotope effect is calculated using the above equations and thenis  Thys, a general model for diester hydrolysis shows a

corrected for théN effect and for incomplete isotope incorporatidn.

The isotope effect for a reaction carried out af80wvould be~10%
higher at 25°C, and a reaction at 80C would have~20% higher
isotope effect at 28C.1° This correction does not substantially change
the values.

Results
Since kinetic data for the reaction of Ce(IV) with EtpNPP or

concerted transition state, with the bond between the phosphate
and the nitrophenol breaking as the bond between the nucleo-
phile and phosphate is forming. The isotope effects indicate P

O bond cleavage and loss pfnitrophenol occur in the rate-
determining step. The transition states for phosphodiesters (or
triesters) are tighter, more associative than the transition state
that is found in the hydrolysis of the dianion of the monoester

pNPP have not been previously reported, Figure 3 shows howP-nitrophenyl phosphate, which is looser and more dissociative.

kobs Varies with Ce(lV) concentration in the presence of the

Adding metal ions as catalysts for the phosphoryl transfer

solubilizing species BTP. The lines represent quadratic fits to reaction presents the opportunity for altered mechanism. Such

the experimental data points.

a change was observed for [Co(}(Jacn) (OH),(EtpNPP)}T,

Table 1 shows the measured isotope effects for the hydrolysisWhich seemed to react through formation of a discrete phos-

of EtpNPP catalyzed by Co(lll) cyclen, Zn(ll) cyclen, and
Eu(lll), and the hydrolysis of [Co(ll)(tacn} (OH)(EtpNPP)]-
(ClOg)3. The™N results reflect the effect of natural abundance
15N on the reaction rate, while tA€0 results reflect isotopically
substituted®O in either the bridge (leaving group) or nonbridge
position of the EtpNPP. Table 2 shows tH#l isotope effect
for Ce(IV) or Eu(lll) catalyzed reactions with pNPP or EtpNPP.

Discussion

Isotope effects have been used to characterize the transition

states of many phosphate ester reactfofilse observation of a
primary isotope effect for the bridg€O position indicates
O bond fission is rate limiting, and the size of the effect is a

(17) Cleland, W. W. Inlsotope Effects in Chemistry and Biolod¢ohen, A.,
Limbach, H., Ed.; CRC Press: Boca Raton, FL, 2006;-9930.
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phorane intermediat®. We chose to look at other metal ion
systems, to see how the presence of a metal ion would influence
the reaction.

[Co(lll) 2(tacn)z(OH)(EtpNPP)](ClO4)3. Co(lll) complexed
to tacn can form stable complexes with phosphodiesters such
as methyp-nitrophenyl phosphate (MepNPP), which crystallize
from acidic solution and have been shown to be dimeric, with
a bridging phosphodiester and two bridging hydroxitleas
shown in Figure 4. Recent work has indicated that the reaction

(18) Hengge, A. C.; Tobin, A. E.; Cleland, W. W. Am. Chem. Sod 995
117, 5919-5926.

(19) Caldwell, S. R.; Raushel, F. M.; Weiss, P. M.; Cleland, WBéchemistry
1991, 30, 7444-7450.

(20) Humphry, T.; Forconi, M.; Williams, N. H.; Hengge, A. @. Am. Chem.
Soc 2004 126, 11864-11869.

(21) Williams, N. H.; Cheung, W.; Chin, J. Am. Chem. So&998 120, 8079~
8087.
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Table 1. Isotope Effects for the Reaction of EtpNPP with Metal Complexes
compound 15N, nitro 180, bridge O 180,nonbridge 07
Co(lll) cycler? 1.0012+ 0.0003 1.022t 0.001 0.9948t 0.0005
[Co(lll)2 (tacn p(OH)(EtpNPP)](CIQ)3 1.0026 + 0.002 1.029+ 0.002 1.0006+ 0.0004
Zn(Il) cyclerf 1.0005+ 0.0003 1.0095t 0.001 1.0108t 0.0005
Eu(lf 1.0034+ 0.0004 1.016t 0.001 1.0016t 0.0007

a]sotope effects are reported as the overall effect from both O ato@s(lil) cyclen, (10 mM), EtpNPP (2.5 mM), pH 7 (0.1 M Hepes), D ¢ [Co(lll)»
(tacn) (OH)(EtpNPP)](CIQ)3 (80 mM), pH 7 (0.1 M Hepes), 25C. 4 Reference 20¢ Zn(Il) cyclen (40 mM), Et pNPP (20 mM), pH 8.5 (0.1 M EPPS),

80 °C. TEu(lll) (10 mM), EtpNPP (2 mM), pH 6.3 (0.05 M MES), 5.

Table 2. 15N Isotope Effects of Ce(IV)- or Eu(lll)-Catalyzed
Reactions
metal catalyst phosphate BN, nitro
Ce(lV) BTR EtpNPP 1.001% 0.0004
Ce(lV) BTP pNPP 1.0014t 0.0004
Eu(lll) BTP® pNPP 1.0012t .0004

ace(lV), (3.33 mM), EtpNPP (1.67 mM), pH 8.5, (0.06 M BTP), 50
°C. b Ce(IV), (3.33 mM), pNPP (1.67 mM), pH 8.5, (0.06 M BTP), 25.
¢Eu(lll), (10 mM), pNPP, (2 mM, pH 8.6, (36 mM BTP), Z%.

~ O@NQ

~

MeQ

~

Lo
P
3 3+ N

N~ o/(:)\Co/

N[O/ N
N H N

Figure 4. Structure of [Co(lll} (tacn) (OH)(MepNPP)}*.

— o
o) NO, i : JF
OFf,, }L OEt,, |
N % f\ )
N dRIPN
Co3+/ \C03+ Co3+/ \C03+
AN O/ ~N O/
H H

Figure 5. Phosphorane intermediate proceeding to the transition state.

involves an oxide nucleophile bonding to the phosphorus
resulting in a phosphorane intermedigt@ecause there atéN
and €0 leaving group effects observed, the rate-limiting step

is breakdown of the phosphorane intermediate, with release of

p-nitrophenol, as shown in Figure 5. A concerted mechanism
with an extremely productlike transition state is also a possibil-
ity. A negligible nonbridge isotope effect (1.00860.0004) is

observed for this reaction. The absence of a significant effect

may be explained by changes in the bonding to the phosphoryl

oxygens, which are compensated for by changes ir-@o
bonding. As P-O bond order changes, €® interactions

strengthen, and the bending modes are very restricted in this
phosphorane-like transition state. Thus, an associative transition

state might well not show the usual normal nonbridge isotope
effect that an uncomplexed diester does.

Co(lll) Cyclen + EtpNPP. The coordination sphere of [Co-
(1) cyclenCl]ClI consists of four nitrogen donors and two cis
chlorides. Previous kinetic data showed the active species wa
dimeric, and thé'P NMR indicated the diester was predomi-
nately dicoordinated to cobalt, as shown in Figurexdth some

free diester in solution. The observed pH dependence of this

reaction cannot distinguish between an oxide or a hydroxide
nucleophile. The rate of the Co(lll) cyclen reaction increases
as pH increases to-pH 7, reflecting the requirement for

EfQ_ /o—©—Noz
P
0

o
3+/ OH \ 3+
Mo > \CO<N
N ™ y| N
N N

Figure 6. Structure of Co(lll) cyclent EtpNPP.

deprotonation, which would be observed with either nucleophile.
With a metal-coordinated hydroxide nucleophile with pk&a.5,
the rate would be expected to become constant at approximately
pH 9.5, while the rate of an oxide nucleophilic reaction would
keep increasing. However, the observed behavior shows the rate
of the Co(lll) cyclen decreases at pH7, with the decrease in
rate above pH 7 most likely occurring because of less favorable
phosphate ligand binding to the cobalt. However, analogous to
the Co(lll) tacn reaction, the only obvious nucleophile in the
cyclen reaction would be the oxide nucleophile. Unlike the Co-
(1) tacn reaction, when Co(lll) cyclen is dissolved in solution,
both ligand coordination and phosphate transfer must occur.
Since coordination and phosphate transfer both occur, the
observed nonbridg¥0 inverse isotope effect of 0.9948 would
result from a primary!80 equilibrium isotope effect on the
formation of the cobalt(lll) phosphate bond combined with the
kinetic isotope effect from the phosphoryl transfer reactiopdE
= (IEwansfe) (IEformation- Isotope effects for CeO bond forma-
tion have been observed with related cobalt(lll) complexes. With
the monoester pNPP, bonding of the phosphate ligand to Co-
(1) cyclen is strong enough that shifts in tA#® NMR and an
equilibrium isotope effect of 0.9920 (the inverse of the observed
isotope effect for dissociation) were found for complex forma-
tion.22 An inverse equilibrium isotope effect indicates tighter
binding for the nonbridge oxygens in products than reactants,
which is reasonable, since in the complex, the nonbridge
oxygens are bonded to some extent to Co(lll). New bending
modes are added and existing bends are compressed as a result
of coordination to the metal center. With EtpNPP, a diester,
weaker bonding might be expected to occur than with the more
negatively charged monoester, and hence a smaller equilibrium
isotope effect for the diester than the monoester would be
expected when stretching modes predominate. Thus, the ex-
pected value for IBmationWould be somewhat closer to 1 than
the value of 0.9920 found for the pNPP reaction, and so the
observed IE of 0.9948 probably can be assigned as the value
of 1Eformation |Etransterwould then be approximately 1, as found

Swith the tacn complex.

The previously observetN effect of 1.0012 for the Co(lll)
cyclen reaction with EtpNPPreflects a significant negative
charge that develops in the leaving group, and the bridge effect

(22) Rawlings, J.; Hengge, A. C.; Cleland, W. \.. Am. Chem. Sod 997,
119 542-549.
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o free hydroxide. Thus, the zinc(ll)-catalyzed reaction occurs at
1(1) _____ [; OC-HLNO much lower pH, with an appreciable rate at pH 8.5 for the Zn-
2 o2 (1) reaction v 1 N NaOH required for the uncomplexed
V2 R OEt reaction, but the weaker nucleophile in the metal-catalyzed
Figure 7. Transition state for Zn(ll) cyclen reaction with EtpNPP. reaction apparently causes significant differences in the transition
state.

of 1.022 indicates significant bond cleavage to the leaving group.  Europium(lll) + EtpNPP, pH 6.3. The Eu(lll) reaction
The observed isotope effect confirms that the nitrophenol is lost shows a sigmoidal dependence of rate on Eu(lll) concentration
in the rate-determining step with a large amount of bond which likely indicates a dimeric complex is the active speéies.
cleavage at the transition state. Reactions must be done at relatively acidic pH (pH 6.3) because
There are some differences in the measured isotope effectof limited solubility at higher pH. Work characterizing the
for the tacn vs cyclen complexes, and there are also differenceseactions of Eu(lll) and other lanthanides with pisftrophenyl)
between the four coordinate cyclen ligand and the three phosphate or diphenyl phosphate has found that the nitro group
coordinate tacn ligand. With three available coordination has little effect on reactivity®?” suggesting the Eu(lll) is
positions, the tacn complex has two bridging hydroxides, which coordinating the nonbridge oxygens. This possibility is supported
creates a relatively rigid core, with the phosphorus containing by work with Ce(IV) which has shown significant interaction
ligand positioned near the two bridging hydroxides, as shown of the cerium with the phosphorus orbitals of model phosphodi-
in Figure 4. In the cyclen complex, however, with only two esters’® However, such kinetic comparisons are based on a
open coordination positions, only one hydroxide bridge can calculated rate constant for the uncatalyzed reaction of the
form. The inner metal core will not be quite so constrained and extremely stable diphenyl phosphate, which does thus have some
there could be a somewhat more open conformation to preventuncertainty. It would be difficult to explain the lardeN effect,
nitrogen atoms of the two cyclen ligands from steric interaction. unless there was also some weak interaction of the europium
This “looser” structure then may explain the different oxygen ion with the nitro group, increasing electron flow into these
isotope effects that are found with the cyclen compound. oxygens, although the weak electron donating ability of the nitro
Differences are also seen between the cyclen and tacngroup makes it an unlikely donor to the metal ion.
reactions with the monoester pNPP. With cyclen, the predomi-  From the very small nonbridge isotope effect of 1.0016
nant species in a mildly acidic solution with Co(lll) cyclen is observed with Eu(lll), one might conclude that the reaction was
the mono-coordinated pNPP, not a bridged mono@3tés still concerted but with very little associative character and little
reaction progresse¥P NMR signals characteristic of phosphate change in the bonding of the nonbridge oxygen. The nonbridge
tricoordinated or tetracoordinated to Co(lll) are seen with cyclen IE of this reaction differs significantly from the nonbridge IE
but not reported with tac#23With the extra bridging hydroxide  of the zinc reaction, suggesting a substantially different interac-
in the tacn complex, tri or tetracoordinated cobalt phosphate tion of metal with ligand with Eu(lll).
species may be too strained to persist in solution, while with ~ Europium(lll) or Cerium(lV) Reactions, pH 8.5. In order
the more flexible cyclen, such species can easily be identified to investigate the unusu#N isotope effects observed with Eu-
with NMR. (1) catalyzed reactions of EtpNPP or uridine@nitrophenyl
Z|nc(||) Cyden + EtpNPP Zn(”) Cyc|en acts as a monomer phosphat@,reactions were inVeStigated ata hlgher pH In order
when added to a solution of EtpNﬁFZlnc(”) is genera”y to solubilize the metals, BTP was added. Previous %ﬂbs
considered to have more electrostatic bonding than cobalt (111). Shown that Eu(lll) forms dimeric systems with BTP and
For instance, the equilibrium isotope effect for complexation hydroxide ions, with a species formulated asBI P)(OH),**

of zinc(ll) with p-nitrophenyl phosphorothioate wasl, indicat- predominating in solution around pH 8 before the phosphate
ing that the zinc(ll) ligand interactions were weak and did not €ster is added. Thus, it is likely the hydrolysis reaction with
affect the p-nitrophenyl phosphorothioate bondify.Other Eu(lll) involves a dimeric metal system with a hydroxide

metals like magnesium(ll) have also been reported to show nucleophile. Reactions with Ce(IV) in BTP at pH 8.5 show a
insignificant isotope effects for metal complexation to phos- quadratic dependence on [Ce(IV)] for both the reaction with
phate2s Thus, the observed nonbridge bonding effect of 1.0108 the monoester pNPP or the diester ethyl pNPP. A quadratic
likely results from the phosphoryl transfer reaction. The dependence on metal ion concentration was also féuind
combination of a smafSN effect, a primary bridgd®0 effect ~ La(lll) and Nd(lll) reactions with bis(4-nitrophenyl) phosphate.
of ~1.01, and the nonbridg0 effect indicates a concerted N addition, dimeric or tetrameric species were found when
reaction with a later transition state and a larger amount of bond Ce(IV) was reacted with BTP in acetonitrile before dilution in
cleavage to the leaving group than found for the reaction of the Puffer=° These compounds were very effective catalysts for bis-
uncomplexed diester with hydroxidéas shown in Figure 7.  (4-nitrophenyl) phosphate hydrolysis. A monomeric Ce(lV) is
The reaction would be more associative and would resemblethus not the active species for the EtpNPP hydrolysis, and
the reactions of trieste®8. The zinc(ll) ion may be pulling dimeric species are thus likely responsible for the rapid rates
electron density away from the nonbridge oxygen, resulting in observed with Ce(IV) compared to metals such as Zn(ll).
changes in the transition state bonding. The zinc also generate$,g) schneider, H.-J.: Rammo, J.; Hettich Rgew. Chem., Int. Ed. Endi993

an intramolecular nucleophile with a lower pKa than found for 32, 1716-1719. o
(27) Gomez-Tagle, P.; Yatsimirsky, A. K. Chem Soc., Dalton Transl998
2957-2959.
(23) Williams, N. H.; Lebuis, A.-M.; Chin, JJ. Am. Chem. Sod 999 121, (28) Komiyama, M.; Takeda, N.; Shigekawa, Ehem. Commuri999 1443-
3341-3348. 1451.
(24) Williams, N. H.; Catrina, I. E.; Hengge, A. Q. Am Chem. So2003 (29) Gomez-Tagle, P.; Yatsimirsky, Anorg. Chem.2001, 40, 3786-3796.
125 7546-7552. (30) Maldonado, A. L.; Yatsimirsky, A. KOrg. Biomol. Chem2005 3, 2859-
(25) Jones, J. P.; Weiss, P. M.; Cleland, W.Biochemistry1991, 30, 3634. 2867.
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The measureéPN isotope effects with the Eu(lll) or Ce(IV)  complexes with phosphodiesters. Reactions with Zn(Il) and
at the higher pH are much more in line with other measured Eu(lll) differ from the reactions with Co(lll), presumably
15N isotope effects, indicating that the unusual degree of chargereflecting the lack of covalent bonding between these metals
delocalization into the nitrophenol group is not occurring under and the diester as well as the monodentate nature of the
these conditions. complexation vs the bridging, bidentate binding of the phosphate
ester in the binuclear cobalt complexes. The Zn(ll) reaction
resembles a triester reaction, with a relatively large perturbation

This work has shown that the reaction of the diester ethyl of the nonbridge oxygen. Reaction with Eu(lll) show little
p-nitrophenyl phosphate proceeds very differently when com- perturbation to the nonbridge O, perhaps suggesting the
plexed to a strongly coordinating metal such as Co(lll) than Eu(lll) are binding to the nitro groups of the ligand. The Eu-
when noncomplexed. Thus, instead of the usual isotope effects(lll), at low pH, shows a largé>N isotope effect because of
values of 1.00421.0063 found for the bridging oxygen, much  delocalization of negative charge into the nitrophenol ring. This
larger isotope effect values of 1.029 and 1.022 are found with delocalization is reduced at more basic pH.

Co(lll) tacn and Co(lll) cyclen, indicative of far greater bond
cleavage in the transition state, with bond fission in the Co(lll)
cyclen reaction somewhat less than in the Co(lll) tacn reaction.
The small nonbridgd®0 effect (1.0006) found in the Co(lll)
tacn reaction indicates little change in bonding to the nonbridge
oxygen. The observed inverse isotope effect with the Co(lll)
cyclen reaction shows the covalent nature of the Co(lll) JA065931A

Conclusion
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