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ABSTRACT: Lanthanide ion-induced hydrolyses of methyl esters, ethyl esters, and amides ofa-amino acids were
systematically studied. In the hydrolysis of the alkyl esters, all the lanthanide ions are effective and the catalytic
activities decrease in the order Ce(III), Nd(III)> Sm(III)> Eu(III) >Gd(III), Ce(IV)> Pr(III) > Dy(III), Tb(III),
Er(III), Ho(III), Tm(III) > La(III), Lu(III), Yb(III). For the hydrolysis of the amides, however, the Ce(IV) ion is
overwhelmingly more active than other lanthanide(III) and non-lanthanide ions. The results are interpreted in terms of
the difference in the rate-limiting step for these two reactions. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

There has been increasing interest in the molecular
design of catalysts for the chemical transformation of
peptides, nucleic acids and other biomaterials. These
catalysts should be potentially applicable to molecular
biology, biotechnology and therapy. They should be also
useful for a better understanding of the mechanisms of
bioreactions. Various catalysts for these bioreactions
have been proposed.2,3 However, still more active
catalysts, which can promptly transform biomaterials
into the desired forms under physiological conditions, are
required for further development in this field.

Recently, remarkable catalytic activities of the lantha-
nide ions for the hydrolysis of peptides,1 DNA,3,4RNA3,5

and adenosine 3',5'-cyclic monophosphate6 were evi-
denced. Artificial nucleases, which selectively hydrolyse
the target phosphodiester linkage in DNA, were prepared
by the attachment of a Ce(IV) complex to synthetic DNA
oligomers[7]. These metal ions are a number of orders of
magnitude more active than non-lanthanide ions, and
thus are promising for future applications. However, the
mechanisms of the catalysis by these metal ions have not
yet been sufficiently clarified. Undoubtedly, information
on the lanthanide ion-induced hydrolysis of alkyl esters,
which have much better leaving groups than those in

proteins and nucleic acids, should shed light on the
mechanisms.

Here we report on the lanthanide ion-induced hydro-
lysis of alkyl esters ofa-amino acids. The catalytic
activities of a series of lanthanide ions were compared
with those for the hydrolysis of amides ofa-amino acids.
Spontaneous hydrolysis of the alkyl esters and the amides
in the absence of metal ions was also investigated in order
to obtain fundamental information. Mechanisms of the
catalysis by lanthanide ions are proposed on the basis of
the kinetic evidence obtained.

EXPERIMENTAL

Materials. All the methyl esters, ethyl esters, and amides
of a-amino acids and their derivatives, were purchased
from Sigma (except forN-acetyl-L-phenylalanine amide
from Bachem). The lanthanide(III) salts (in the form of
the chlorides) (Soekawa) and Ce(NH4)2(NO3)6 (Nacalai
Tesque) were used without further purification. D2O
(99.9 atom% D) and DCI (99.5 atom% D) were obtained
from Aldrich. Highly purified water was sterilized
immediately before use. Throughout the study, great
care was taken to avoid contamination by natural
enzymes. Absence of such contamination was further
confirmed by careful control experiments.

Kinetic analysis of the hydrolysis of alkyl esters and
amides of a-amino acids. Hydrolysis in the presence and
absence of lanthanide ions was carried out at pH 7.0 (0.1
mol dmÿ3 Tris buffer) and 50°C unless noted otherwise.
The initial concentration of the substrate was 0.01 mol
dmÿ3. After an appropriate interval, the mixtures were
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analysedby reversed-phaseHPLC [Merck LiChrospher
RP-18(e)ODScolumn,water–acetonitrile (92:8,v/v) as
element].Assignmentof the HPLC peakswasachieved
by co-injectionwith authenticsamples.All thereactions
were followed for three or more half-lives, and
satisfactorilyshowedfirst-orderkinetics. Neither cova-
lent intermediatesnor unidentified by-products were
detected.

ForD2O solventisotopeeffectexperiments,pD values
were determined using the equation pD = pH meter
reading� 0.41.8 The pD of the reactionmixtures was
adjustedwith D2O solutionsof DCI andNaOD.

RESULTS

Catalytic activities of lanthanide ions for the
hydrolysis of alkyl esters of a-amino acids

As indicated in Table 1, all the lanthanide ions are
effective for the hydrolysis of L-phenylalaninemethyl

ester.The magnitudeof accelerationis 2 – 7-fold. The
catalytic activity decreasesin the orders Ce(III),
Nd(III) > Sm(III)> Eu(III) >Gd(III), Ce(IV)>
Pr(III) > Dy(III), Tb(III), Er(III), Ho(III),
Tm(III) > La(III), Lu(III), Yb(III). Most of thereactions
proceedin virtually homogeneoussolutions[for Ce(III),
Ce(IV),Sm(III),Eu(III),Gd(III) and Tb(III), the reaction
mixtureswereslightly turbid]. The correspondingethyl
ester (L-Phe-Et) was hydrolysedby the metal ions at
similar ratesto themethyl ester.

In contrast with the significant activities of the
lanthanideions for the hydrolysis of L-Phe-Et, its N-
acetylderivative(Ac-L-Phe-Et)wasnot hydrolysedto a
measurableextentby any of thesemetal ions underthe
sameconditions.Theprimaryaminogroupsin L-Phe-Me
and L-Phe-Etare essentialfor efficient catalysisby the
lanthanideions.

Kinetic study of the Pr(III)-induced hydrolysis of L-
Phe-Me

Figure1 depictstherateconstantof thehydrolysis(kobs)
as a function of the concentrationof Pr(III) ion. The
initial concentrationof L-Phe-Mewas kept constantat
0.01 mol dmÿ3. The rate constantincreasesmonotoni-
cally with increasing[Pr(III)] 0 up to [Pr(III)] 0 / [L-Phe-
Me]0 = 5, but showsa gradualsaturationat higherratios.
Apparently, the reaction involves complex formation
betweenthe substrateandthe metal ion. The datawere
analysedin termsof theequation

1/(kobsÿkun) =1/(kcÿkun)�1/[(kcÿkun)K]�1/[Pr(III)]0

(1)

which is basedon the assumptionthat 1 : 1 complex
betweenthemis responsiblefor thereaction.Herekunand
kc aretherateconstantsfor thespontaneoushydrolysisin
theabsenceof Pr(III) andfor thehydrolysisof L-Phe-Me
in the complex, respectively,and K is the formation
constant of the complex. A fairly straight line was
obtainedfrom this Lineweaver–Burk-type plot (correla-
tion coefficient= 0.998), substantiatingthat the hydro-
lysis proceedsvia the 1 : 1 complexbetweenthe Pr(III)
ion and L-Phe-Me. The values of kc and K were
determinedas 9.7� 10ÿ4 sÿ1 and 17.0 molÿ1 dm3,
respectively(the solid line in Figure1 is the theoretical
relationship,calculatedby useof theseparameters).

The logarithm of the rate constantof the hydrolysis
increasesalmost linearly with increasingpH up to 8
(Figure 2). The slope is 0.7. At a higher pH, the rate
constantgraduallydecreases.Probablytheprotonationof
the aminoresidueof L-Phe-Me(pKa = 7.6; seeTable4)
preventsthe formationof the substrate–Pr(III)complex,
which is essentialfor the catalysis.Furthermore,the
formationof metalhydroxideaggregateswhich prevails
whenthepH is greaterthanthepKa (8.5)9 of thePr(III)-
boundwater,is alsoresponsiblefor thesuppression.

Table 1. First-order rate constants for the lanthanide ion-
induced hydrolysis of L-Phe-Me at pH 7.0 and 50°Ca

Metal ion 104kobs(s
ÿ1) Metal ion 104kobs(s

ÿ1)

La(III) 1.1 Tb(III) 1.5
Ce(III) 4.0 Dy(III) 1.6
Ce(IV) 2.4 Ho(III) 1.4
Pr(III) 1.9 Er(III) 1.5
Nd(III) 3.8 Tm(III) 1.4
Sm(III) 3.3 Yb(III) 1.0
Eu(III) 3.0 Lu(III) 1.1
Gd(III) 2.5 None 0.57

a [L-Phe-Me]0 = [metal ion]0 = 0.01mol dmÿ3.

Figure 1. Plot of the rate constant for the hydrolysis of L-Phe-
Me vs [Pr(III)]0 at pH 7.0 and 50°C: [L-Phe-Me]0 = 0.01 mol
dmÿ3. The solid line is the theoretical relationship calculated
by use of equation (1) (kc = 9.7� 10ÿ4 sÿ1 and K = 17.0
molÿ1 dm3)
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Catalytic activities of lanthanide ions for the
hydrolysis of amides of a-amino acids

For thehydrolysisof L-Phenylalaninamide(L-Phe-NH2),
only the Ce(IV) ion is efficient (see Table 2). The
accelerationby the Ce(IV) ion (0.01mol dmÿ3) is 180-
fold. Other lanthanide(III) ions show much poorer
activity. Eventhe Eu(III) ion, which is the secondbest,
is morethan20timeslessactivethantheCe(IV) ion.This
is in greatcontrastwith the resultsfor the hydrolysisof
the alkyl esters,sinceall the lanthanideions are active
there (compare Table 2 with Table 1). The non-
lanthanideions investigated[Zn(II), Cu(II) and Ni(II)]
werevirtually inactivefor the hydrolysisof L-Phe-NH2.
The reactionsare totally hydrolytic, as confirmed by
HPLC.AlthoughtheCe(IV) ion is awell-knownoxidant,
no by-productsassignableto the oxidative cleavageof
thesubstratesweredetected.

N-Acetyl-L-phenylalaninamide(Ac-L-Phe-NH2) was
not hydrolysedto a measurableextent by any of the
lanthanideions.Theprimaryaminogroupsin theamides
of a-amino acids are crucially important for the
lanthanideion-inducedhydrolysis, as is also the case
for thealkyl esters.

Spontaneous hydrolysis of alkyl esters and
amides of a-amino acids in the absence of
lanthanide ions

The rate constantsfor spontaneoushydrolysis of the
estersandtheamidesat pH 7.0and50°C in theabsence
of metalionsarepresentedin Table3. Significantly,the
ratesof spontaneoushydrolysisof L-Phe-MeandL-Phe-
Et aremorethan100timesgreaterthanthecorresponding
value for Ac-L-Phe-Et.Similarly, L-Phe-NH2 is hydro-
lysedat a reasonablerateat pH 7.0 and50°C, although
Ac-L-Phe-NH2 remainsintact underthe identicalcondi-
tions. It is conclusivethat the primary aminogroupsin
both of the substratesgreatly promote the intrinsic
reactivitiesof the esterand the amidemoietiestherein.
Consistently,ethyl acetateis far morestablethanL-Phe-
Et (therateconstantfor its hydrolysisatpH 7 and50°C is
only 10ÿ7 sÿ1),10 and acetamideis not hydrolysedto a
measurableextentundertheconditionsused.

Figure 2. pH±rate constant pro®le for the Pr(III)-induced
hydrolysis of L-Phe-Me at 50°C: [L-Phe-Me] = [metal
ion] = 0.01 mol dmÿ3

Table 2. First-order rate constants for the lanthanide ion-
induced hydrolysis of L-Phe-NH2 at pH 7.0 and 50°Ca

Metal ion 107kobs (sÿ1) Metal ion 107kobs (sÿ1)

La(III) 0.53 Ho(III) 1.4
Ce(III) 0.38 Tm(III) 1.4
Ce(IV) 60 Lu(III) 0.63
Pr(III) 1.2 None 0.33
Eu(III) 2.5

a [L-Phe-NH2]0 = [metal ion]0 = 0.01mol dmÿ3.

Table 3. First-order rate constants for spontaneous hydro-
lysis of the alkyl esters and amide of L-phenylalanine and
their N-acetyl derivatives at pH 7.0 and 50°Ca

Substrate kobs (sÿ1)

L-Phe-Me 5.7� 10ÿ5

L-Phe-Et 1.5� 10ÿ5

Ac-L-Phe-Et <1.3� 10ÿ7

L-Phe-NH2 3.3� 10ÿ8

Ac-L-Phe-NH2 –b

a [Substrate]0 = 0.01mol dmÿ3.
b No measurablehydrolysistook place.

Figure 3. pH±rate constant pro®les for the spontaneous
hydrolysis of L-Phe-Me in the absence of lanthanide ions at
50°C. The open and the closed circles are for the reactions in
H2O and D2O, respectively; the solid lines are the theoretical
relationships calculated by use of equation (2) and the
parameters in Table 4
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The pH±rate constant pro®le for spontaneous
hydrolysis of L-Phe-Me

The opencircles in Figure3 showthe pH–rateconstant
profile for the spontaneoushydrolysisof L-Phe-Me.The
profile is composedof two components:(1)the pH-
dependentregionat pH 6.5 – 8.5 (slope< 1) and(2) the
pH-independentregion at pH 8.5 – 9.5 (alkaline
hydrolysiswasexplicit only whenpH> 10.5).Thusthe
profile wasanalysedin termsof theequation

kobs= k1 ([RNH2]/[RNH2]0)[H2O]�
k2([RNH3

�]/[RNH2]0)[H2O]

= k1Ka[H2O]/([H�] � Ka)� k2[H
�][H2O]/([H�]�Ka)

(2)
Here the first and the secondterms correspondto the
reactionsof theneutralspeciesof L-Phe-Me(RNH2) and
its protonatedform (RNH3

�) with H2O, respectively(k1

andk2 arethe rateconstants).Ka is theaciddissociation
constantof RNH3

�. All the experimentalpoints fit the
theoreticalline (the solid line, calculatedby useof the
parametersin Table4).

D2O solvent isotope effects for spontaneous
hydrolysis of L-Phe-Me

The kinetic parametersfor the reactionsin D2O were
similarly determinedby fitting the closed circles in
Figure3 to equation(2). A smallbutnotableD2O solvent
isotope effect (1.3) was observedfor k1 (Table 4),
showinga rate-limiting proton transferin the reaction.
However,thesolventisotopeeffect waszerofor k2.

DISCUSSION

Mechanism of spontaneous hydrolysis of alkyl
esters of a-amino acids

The kinetic evidencein Figure 3 and Table 4 indicates
thatthespontaneoushydrolysisof L-Phe-Meproceedsas
depictedin Figure4. Mechanism(a) correspondsto the
first term in equation(2), in which the primary amino
residuein the neutralsubstrateshowsan intramolecular
generalbasecatalysis.The result of the D2O solvent
isotopeexperimentin Table4 agreesfairly well with the
mechanism.In mechanism(b), which is for the second
term in equation(2), a non-activatedwater molecule
attacksthe protonatedsubstrate.Here, the ammonium
cationelectrostaticallystabilizesthe negativelycharged
transition state of hydrolysis. A similar electrostatic
enhancementof esterhydrolysiswaspreviouslyachieved
with positively chargedmicelles11 and cyclophanes.12

Thesetwo typesof catalyses(generalbasecatalysisand
electrostaticcatalysis)greatly acceleratethe hydrolysis
(note that L-Phe-Meis hydrolysedmore than100 times
fasterthanAc-L-Phe-Me).The contributionsof the first
andthe secondtermsto the hydrolysisat pH 7 are59%
and41%,respectively,asestimatedfrom theparameters
in Table4.

The mechanismin which the neutral amino residue
showsan intramolecularnucleophilicattacktowardsthe
carbonyl carbon atom is unlikely, since then a stable
covalent four-memberedamide intermediatewould be
formed and should be accumulatedin the reaction
mixture. The intermediate,if formed,shouldbe hydro-
lysed much more slowly than are the alkyl estersof a-
amino acids(the rate constantfor the hydrolysisof the
four-memberedring amide in penicillin derivatives is
around10ÿ8 sÿ1, 13 which is 1000timessmallerthanthe
valuesfor thehydrolysisof L-Phe-MeandL-Phe-Et).

The proposedmechanismis consistentwith the fact
that thehydrolysisof L-Phe-MeandL-Phe-Etin wateris
much faster than that in ethanol–watermixtures. The
first-orderrateconstantfor thehydrolysisof L-Phe-Etin
an 85:15 ethanol–watermixture is about 10ÿ9 sÿ1, 14

which is 104 times smaller than the value in water
(1.5� 10ÿ5 sÿ1). In theseless polar solvent systems,
generalbasecatalysisis not favourablesinceit involves
thepartialdissociationof awatermoleculeto morepolar
species.Furthermore,protonationof the primary amino
residuesin thesubstratesis greatlysuppressed,resulting
in inefficient electrostaticcatalysis.

Mechanism of the lanthanide ion-induced hydro-
lysis of alkyl esters of a-amino acids

The proposedmechanismis depictedin Figure 5. The
substratesare activated by the coordination to the

Table 4. Partial rate constants and apparent pKa for
spontaneous hydrolysis of L-Phe-Me at 50°Ca

106k1 107k2

Solvent (sÿ1 molÿ1 dm3) (sÿ1 molÿ1 dm3) pKa

H2O 1.9� 0.1 3.3� 1.0 7.6� 0.1
D2O 1.5� 0.1 3.3� 0.7 8.1� 0.1

a Thevaluesof k1, k2 andpKa weredeterminedby fitting thecurvesin
Figure3 to equation(2) (seetext for details).

Figure 4. Proposed mechanisms of spontaneous hydrolysis
of the alkyl esters of -amino acids: (a) is for the ®rst and (b) is
for the second term in equation (2) (see text for details)

 1998JohnWiley & Sons,Ltd. JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 41–46(1998)

44 T. TAKARADA ET AL.



lanthanideion throughtheprimaryaminogroupandthe
estermoiety. The coordinationis apparentlyessential,
sincethe correspondingN-acetyl derivativesare hardly
hydrolysedby the metal ions. The metal-boundhydro-
xide (or the metal-boundwater) as an intramolecular
nucleophilecanattackthe substratecoordinatingto the
samemetal ion [mechanism(a)]. Alternatively, hydro-
xide ion or waterin thesolutionsfunctionsasanexternal
nucleophile[mechanism(b)]. The slope of 0.7 for the
pH–rateconstantprofile (pH< 8) in Figure 3 indicates
thatbothhydroxideion (eitherfreeor metal-bound)and
waterparticipatein the reactions.

In bothof themechanisms,thepositivechargeson the
metal ion electrostatically stabilize the negatively
chargedtransition state, in the sameway as does the
ammoniumcation in spontaneoushydrolysis.The small
catalyticeffectsof the lanthanideionsareattributableto
the fact that both intramoleculargeneralbasecatalysis
andelectrostaticcatalysisby the ammoniumion canno
longerwork in the lanthanide-inducedreactions.

Comparison of the catalytic activities of lantha-
nide ions for ester hydrolysis and amide hydro-
lysis

In thealkyl esterhydrolysis,theleavinggroups(alkoxide
ions) are sufficiently good so that the tetrahedralinter-
mediate, formed by the nucleophilic attack by either
hydroxideion or water,is promptlyconvertedto thefinal
hydrolysisproducts.Theessentialroleof themetalion is
to promotetheformationof thetetrahedralintermediates
by eitherprovidingthemetal-boundhydroxideandwater
asefficientnucleophilesor stabilizingthetransitionstate
asanelectrostaticcatalyst.

The hydrolysis of the amidesof a-amino acids by
lanthanide ions proceeds by a similar mechanism.
However,the leavinggroup(ÿNHR') is sopoor that the
decompositionof the tetrahedral intermediate to the
products,ratherthantheformationof theintermediate,is
rate-limiting.Hencethemain role of the lanthanideions

is to stabilize the leaving group as an acid catalyst.In
spontaneoushydrolysisof the amidesof a-aminoacids,
the ammonium cations in the substratesprobably
function as intramolecular general acid catalysts to
stabilizetheleavinggroups.Theoverwhelminglygreater
activity of the Ce(IV) ion than thoseof other lanthani-
de(III) ions is consistentwith this argument,since its
acidity is far greater:the pKa value of the coordination
water of the Ce(IV) ion is around zero, whereasthe
correspondingvaluesfor otherlanthanide(III)ionsare7 –
9.9 In theesterhydrolysis,however,thecatalyticactivity
of the Ce(IV) ion is comparableto thoseof the other
trivalent lanthanideions (seeTable1).

CONCLUSION

All thelanthanideionsareeffectivefor thehydrolysisof
alkyl estersof a-amino acids,whereasonly the Ce(IV)
ion is effective for the hydrolysisof the corresponding
amidehydrolysis.The formerreactionsinvolve the rate-
limiting formationof thetetrahedralintermediates,which
is in contrastwith therate-limitingdecompositionof the
intermediatesin thelatter reactions.Thedepartureof the
verypoorleavinggroupsin theamidehydrolysisrequires
strongacidcatalysts.Consistently,only theCe(IV) ion is
active for the hydrolysisof DNA 4 andadenosine3',5'-
cyclic monophosphate,6 bothof whichhavepoorleaving
groups.Thepresentresultsprovidebasicinformationfor
the moleculardesignof catalystscontaininglanthanide
ionswhich hydrolysevariousbiomaterials.

Acknowledgements

This work waspartially supportedby a Grant-in-Aid for
Scientific Researchfrom the Ministry of Education,
Scienceand Culture,Japan,and also by the Mitsubishi
Foundation.

REFERENCES

1. M. Yashiro,T. Takarada,S.MiyamaandM. Komiyama. J. Chem.
Soc.,Chem.Commun.1757–1758(1994).

2. Therearemanyreportsonthenon-enzymaticcleavageof proteins:
(a) D. P. Greiner, K. A. Hughes,A. H. Gunasekeraand C. F.
Meares.Proc. Natl. Acad. Sci. USA 93, 71–75(1996); (b) J. B.
Ghaim,D. P.Greiner,C.F.MearesandR.B. Gennis.Biochemistry
34, 11311–11315(1995);(c) T. M. RanaandC. F. Meares.Proc.
Natl. Acad.Sci.USA88, 10578–10582(1991);(d) T. M. Ranaand
C. F. Meares.J. Am.Chem.Soc.113, 1859–1861(1991);(e)T. M.
RanaandC.F.Meares.J. Am.Chem.Soc.112, 2457–2458(1990);
(f) E.HeydukandT. Heyduk.Biochemistry33, 9643–9650(1994);
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