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The kinetics of the La®*-catalyzed methanolysis of N-phenyl-3-lactam (2) and N-p-nitrophenyl-3-lactam (3) as well
as that of nitrocefin (1) were studied at 25 °C under buffered conditions. In the case of 2 and 3, the observed
second-order rate constants (k,°®%) for catalysis plateau at ~pH 7.5-7.8, reaching values of 1 x 1072 and 35 x
1072 M~* s~ respectively. Potentiometric titrations of solutions of 2 x 1072 M La(OTf); were analyzed in terms of
a dimer model (La**,(~OCHy),), where the number of methoxides varies from 1 to 5. The species responsible for
catalysis in the JpH range investigated contain 1-3 methoxides, the one having the highest catalytic activity being
La®*,("OCHs),, which comprises 80% of the total La®* forms present at its JpH maximum of 8.9. The catalysis
afforded by the La®* dimers at a neutral JpH is impressive relative to the methoxide reactions: at JpH 8.4 a 1 mM
solution of catalyst (generated from 2 mM La(OTf);) accelerated the methanolysis of 2 by ~2 x 107-fold and 3 by
~5 x 10%fold. As a function of metal ion concentration, the La®*-catalyzed methanolysis of 1 proceeds by pathways
involving first one bound metal ion and then a second La®* leading to a plateau in the Keps VS [La®*]ia plots at all
SPH values. The kpa®® pseudo-first-order rate constants at the plateaus, representing the spontaneous
methanolysis of La**(1™) forms, has a linear dependence on [~OCHj] (slope = 0.84 + 0.05 if all JpH values are
used and 1.02 + 0.03 if all but the two highest JpH values are used). The speciation of bound 1 at a La®*
concentrations corresponding to that of the onset of the kinetic plateau region was approximated through potentiometric
titration of the nonreactive 3,5-dinitrobenzoic acid in the presence of 2 equiv of La(OTf)s. A total speciation diagram
for all bound forms of La®*,(17)("OCHs),, where n = 0-5, was constructed and used to determine their kinetic
contributions to the overall pH vs kpa,® plot under kinetic conditions. Two kinetically equivalent mechanisms were
analyzed: methoxide attack on La®(17)("OCHs),, n = 0-2; unimolecular decomposition of the forms
La3*,(17)("OCHz)y, n = 1-3.

Introduction members of the mononucléaand dinucledr zZn?*-j3-
lactamses are under active investigation, but a detailed picture

The p-lactam antibiotics are widely used to combat . .
p y of the mechanism, and particularly the role of the second

bacterial infectiond, but resistance to thes¢hrough the
evolution of3-lactamases presents a serious threat to human
health. The mechanisms of action of the class A, C, and D “)
serine-baseg-lactamases are reasonably well undersfood.
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Ceccarelli, E. A.; Vila, A. JCoord. Chem. Re 1999 190-192 519.
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However, the class B 2n-f-lactamaséshave recently
become both a major research area and clinical problem since
these hydrolyze virtually all thg-lactam antibiotics including
the broad-spectrum carbapenems and clavulanic acid. Several
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Zn’*, has yet to emerge. The mechanism of action of the
mononuclearf-lactamase Il fromBacillus cereu$ was
proposed to involve the addition of a Zncoordinated
hydroxide to thef-lactam carbonyt. An available X-ray
structure of the dinuclear enzyme frddn fragilis positions

the methanolysis of a variety of substrafescluding
acetylimidazolé?®activated and unactivated estétsphos-
phate diester¥¢ (2-hydroxypropyl)p-nitrophenyl phosphaté?
and the phosphate triester paraoXéthrough catalysis by
a bisgi-methoxy)-bridged L& dimer which is spontaneously

the two metals close enough together that they are bridgedformed in methanol. The dinuclear characteristics of that

by au-hydroxy (oru-aquo) group which is proposed to be
the active nucleophild.It has been suggest@&dhat the two-
metal ion mechanism is similar to that proposed for other
dinuclear hydrolasésvith one metal ion providing the bound
HO™ nucleophile while the other helps to (a) position the
substrate for proper nucleophilic attack, (b) polarize further
the (N)G=0 scissile bond, and (c) stabilize the negative
charge developed on the leaving group.

Earlier studies have reported the effects of divalent metal
ions on the aqueous hydrolysis of benzyl penicifiif and
cephaloridin€® The metal ion binds to the carboxylate of
the penicillin or cephalosporin to facilitate an attack of
external (or ZA™-bound) hydroxide on thg-lactam G=0O
with possible facilitation of the breakdown of the tetrahedral
intermediate through binding to the lactam BkLactam
degradation in methanol has been repdftealbe promoted
by Cc* under non-pH-controlled conditions although a
detailed mechanism for activity was not offered. A few
simple mononuclear and dinuclear models for thé*Zp+
lactamases were studiétbut the catalysis of hydrolysis of
nitrocefin () was modest even though preequilibrium
binding of the metal complex with the substrate was required.
Moreover, a catalytic role for the second®Zrrould not be

species structurally, at least, resembles the dinuclear core of
a Zrtt-B-lactamase and prompted us to investigate whether
it can facilitate the breakdown of lactams. Herein we show
that the bisg-methoxy)-bridged L& dimer, formulated as
La™,("OCH),, imparts generous catalysis to the metha-
nolysis of the two simple lactams and that the methanolysis
of 1 is also promoted by L% through one- and, far more
effectively, two-metal ion pathways.

Experimental Section

Materials. Nitrocefin (1) was purchased from Oxoid. Methanol
(99.8% anhydrous), sodium methoxide (0.5 M), HEIQ0%,
BDH), and acetonitrile (99.8% anhydrous) were all purchased from
Aldrich and used without any further purification. 3,5-Dinitroben-
zoic acid was purchased from Eastman Kodak and used as received.
La(OTf); was purchased from Aldrich and used as supplied.
Lactams2 and3 were prepared according to published procedtires.

pH Measurements!® The CHOH,* concentration was deter-
mined using a Radiometer pHC4000-8 combination (glass/calomel)
electrode for kinetic and titration measurements, calibrated with
Fisher Certified Standard aqueous buffers ¢pH.00 and 10.00),
as described in our recent pap&r$* Values ofpH were calcu-
lated by subtracting a correction constant of2.24 to the
experimental meter readingH) as described by Bosch et*al.

established since mononuclear complexes seemed to be ashe K, values of buffers used for the present kinetic studies

effective as the dinuclear ones.

NO,

2X=H
3X=NO>

Our own work along these lines has described th& Zn
catalyzed methanolysis of and showed that pathways
involving one and two Z#-ions were operativ& It was
also reported in that study that Zndid not catalyze the
methanolysis of two simple lactant @). Presently, we deal
with La3t catalysis of the methanolysis @fand lactams
and 3. Although L&" cannot be considered a biomimetic
metal ion, we have shown in several reports that it promotes

(7) Sabath, L. B.; Abraham, E. Biochem. J1966 98, 11c.

(8) Wilcox, D. E.Chem. Re. 1996 96, 2435.

(9) (a) Cressman, W. A.; Sugita, E. T.; Doluiso, J. T.; Niebergall, B. J.
Pharm. Sci1969 58, 1471. (b) Gensmantel, N. P.; Gowling, E. W.;
Page, M. 1J. Chem. Soc., Perkin Trans1878 335. (c) Gensmantel,
N. P.; Proctor, P.; Page, M. J. Chem. Soc., Perkin Trans.1®8Q
1725.
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J.J. Am. Chem. So@001, 123 6555.

(12) Montoya-Pelaez, P. J.; Brown, R. [Borg. Chem.2002 41 309—
316.

were obtained from the literaturfeor measured at half-neutralization
of the bases with HCI®in MeOH.

K, Determination. The potentiometric titrations of La(OTf)
and 3,5-dinitrobenzoic acid in methanol were performed using a
Radiometer Vit 90 Autotitrator under anaerobic conditions (Ar) at
25.0+ 0.1 °C. Methanolic La(OTH and 3,5-dinitrobenzoic acid
stock solutions (0.25 M) were diluted to 0.01 or 0.02 and 0.01 M,
respectively, the total sample volume being 20.0 mL. Sodium
methoxide titrant, prepared from stock 0.5 M NaO{Hl a Sure
Seal bottle, was 0.117 M and was calibrated by titrating Fisher
Certified Standard HCI in water, with the end point taken to be

(13) Brown, R. S.; Neverov, A. AJ. Chem. Soc., Perkin Trans.2b02
1039.

(14) (a) Neverov, A. A.; Brown, R. SCan. J. Chem200Q 78, 1247. (b)
Neverov, A. A.; McDonald, T.; Gibson, G.; Brown, R. §an. J.
Chem2001, 79, 1704. (c) Neverov, A. A.; Brown, R. $norg. Chem.
2001, 40, 3588. (d) Tsang, J.; Neverov, A. A.; Brown, R. 5.Am.
Chem. So0c2003,125 1559. (e) Tsang, J.; Neverov, A. A.; Brown,
R. S.J. Am. Chem. So@003 125 7602.

(15) (a) Manhas, M.; Jeng, $. Org. Chem1967, 32, 1246. (b) Blackburn,

G.; Plackett, JJ. Chem. Soc., Perkin Trans.1®72 1366.

(16) For the definitions ofpH see the recommendations of the IUPAC:
Compendium of Analytical Nomenclature. DefigtiRules 199,73rd
ed.; Blackwell: Oxford, U.K., 1998. If one calibrates the measuring
electrode with aqueous buffers and then measures the pH of an aqueous
buffer solution, the terfpH is used, if the electrode is calibrated in
water and the “pH” of the neat buffered methanol solution is measured,
the term{pH is used, and if the latter reading is made and the
correction factor of 2.24 (in the case of methanol) is added, then the
term $pH is used.

(17) (a) Bosch, E.; Rived, F.; Roses, M.; Sales]).JChem. Soc., Perkin
Trans. 21999 1953. (b) Rived, F.; Rdse M.; Bosch, EAnal. Chim.
Acta1998 374, 309. (c) Bosch, E.; Bou, P.; Allemann, H.; Roses, M.
Anal. Chem1996 3651.
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WwhH = 7. The standard titration protoédt4 was adopted where
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Table 1. k**svs pH for La(OTf)-Catalyzed Methanolysis of

after each titration the electrode was immersed in pH 4.00 aqueousf-Lactam2 (T = 25 °C)

buffer until the meter reading stabilized, a process that can take
several minutes. The electrode was then rinsed with MeOH, dried
with a tissue, and used for the next titration. The electrode was
recalibrated often to ensure accurate readings.

The values of the species formation constants in methanol were
calculated using the computer program Hyperquad 2000 (version
2.1 NT) 8 with the autoprotolysis constant of pure methanol taken
to be 101677 at 25°C.17 The formation constant for the species
La3*,(3,5-dinitrobenzoatd, as a model for the species ¥a(1),
was calculated from the first 0.5 equiv of the titration of a 1:0.5
solution of La(OTf}-3,5-dinitrobenzoic acid (corresponding to
deprotonation of the bound carboxylic acid) in comparison with
the sza of the unbound acid obtained from simple titration in
methanol. The formation constant fordtél~) was determined from
titration of a 1:1 solution of La(OT§}-3,5-dinitrobenzoic acid by
assessing the reduction JpK, of the COOH functionality in the
presence of metal ion. Formation constants for th& }aOCHg),,
species were obtained from Hyperquad analysis of the titration of
a 0.002 M solution of La(OT#)in methanol as reportéd Because
the metal-bound forms df are too reactive to allow its titration
in the presence of 134, the formation constants for all E&(17)-

SoH 1ML 571 SoH 10kAM 151
7.29 1.5+ 0.2 8.09 8.8- 0.7
7.53 3.5+ 0.2 8.30 9.3:0.7
7.84 7.3+ 0.4 8.72 10.1 0.1
8.02 7.8+0.4 8.92 10.2:0.4

aError is taken as the standard error of the linear regression d§the
vs [La**]; data.

Table 2. k**svs pH for La(OTf)-Catalyzed Methanolysis of
p-Lactam3 (T = 25 °C)

SpH 10KkAM s SpH 1AM 151
7.03 3.240.1 8.12 38.8t 1.1
7.34 6.5+ 0.3 8.29 35.0+ 0.6
7.42 13.6+ 0.3 8.35 32.9+ 1.6
7.56 145+ 1.0 8.61 33.2£0.7
7.81 21.5+ 0.4 9.40 42.8+ 2.5
8.02 29+ 10 9.75 39.3t 2.3

aError is taken as the standard error of the linear regression dgghe
vs [La®"]; data.

was 2x 1072 M. There is always some small quantity@.1%) of

(“OCH), species were assumed to be the same as those obtained/ater present stemming from that present in the MeOH and what

from titration of 1:0.5 La(OTf}—3,5-dinitrobenzoic acid using all
but the first 0.5 equiv, inputting all the B&(-OCHg), formation
constant¥ as known values in the program.

Kinetic Measurements. The rate of appearance of the metha-
nolyzed product of and3 was followed by monitoring the increase
in absorbance of buffered methanol solutions at 480 and 380 nm,
respectively, with an OLIS-modified Cary 17 UWis spectro-
photometer or an Applied Photophysics SX-17MV stopped-flow
reaction analyzer at 258 0.1 °C. The rate of disappearancedf
was followed by monitoring the decrease in absorbance of buffered
methanol solutions at 250 nm with the OLIS-modified Cary
spectrophotometer. All runs were repeated at least in duplicate.
Reactions were monitored under pseudo-first-order conditions
having a [L&"] ranging (0.006-4.0) x 10°2 M. Slow reactions,
monitored using conventional UV analysis, were initiated by
addition of an aliquot of a 2.0< 10-3 M stock solution ofl in
CH3CN (with 2.5% MeOH) to 2.5 mL of the buffered reaction
mixture (final concentration of = (0.8-2.0) x 107> M). For 2
and3, 10 uL of a 2.5 x 1072 M stock solution in CHCN was
added giving a final concentration of6 1075 M. For fast reactions
of 1 monitored using the stopped-flow apparatus, one drive syringe
was charged withl in 0.02 M buffer, while the second syringe
contained twice the desired concentration of'Land 0.02 M buffer.
The final concentration gf-lactam was in the range (6-.0) x
105 M. Reactions were followed for at least 4 half-lives and

is derived from buffer neutralization with 70% HCJOTlo avoid

any chloride ion contamination from the glass electrode that might
affect the metal ion reactions, duplicate solutions were prepared,
one forJpH measurements and the second portion being used for
kinetics. In all casesjpH values measured before and after
reaction were consistent to within 0.05 units.

Results

Kinetics of La®*-Catalyzed Methanolysis off-Lactams
1-3. The pseudo-first-order rate constants for methanolysis
of 2 and 3 were determined as a function of bgH and
added [La(OT#f] with the original data being given in Tables
S1-S20 (Supporting Information). As we have observed
previously in the case of nonbinding substrates such as
activated amides, esters, and parac¥gf@¢the concentra-
tion plots exhibit two domains attributable to the speciation
of La®". At low but increasing concentration of ¥fa(up to
~2.5 x 1074 M) there is a transition between monomeric
and dimeric L&"-containing species, while, above this
concentration, the plots become linear suggesting that all the
material is in the form of active dimers. Following the
approach we used befot&,>¢the slope of the linear portion
of these plots was used to calculate the observed second-

displayed good first-order behavior. Pseudo-first-order rate constantsorder rate constant&£"9 for La®*,-catalyzed methanolysis

(kob9 for methanolysis were determined by NLLSQ fitting of the
abs vs time traces to a standard exponential model. In thédbw
runs for 2, due to the slow rate of the reaction, the low
concentrations of metal were followed t610% completion and
kobs Was determined using the initial rates method, with Aebs
value being determined from the faster runs where the reaction
proceeded to completion. Buffering agents used were 2,6-lutidine
(3pKa = 6.86), N-methylimidazole K, = 7.60), N-ethylmorpho-

line §pKa = 8.28), and trimethylamineldk, = 9.80'9) partially
neutralized with 70% HCIQ and the total buffer concentration

(18) Gans, P.; Sabatini, A.; Vacca, Aalanta1996 43, 1739.
(19) Gibson, G.; Neverov, A. A.; Brown, R. &an. J. Chem2003 81,
495.
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of 2 and 3 at the variouspH values. These are listed in
Tables 1 and 2 and are graphically presented in Figure 1 as
log k**svs JpH plots which seemingly plateau abovépH

8. Lines through the data are computed on the basis of fits
to eq 5 involving the contributions of up to 3 species; vide
infra.

In the case of L& -catalyzed methanolysis of nitrocefin
the behavior of the concentration plots is different with
typical plots of thekoss VS [La®]wt at threepH values
being given in Figure 2 (for original data see Tables S21
S28 of the Supporting Information). The lines in Figure 2
are from fits to a model where sequential binding of 2'La
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Figure 1. Plots of thek:°Psvs JpH for the L&*-catalyzed methanolysis of . b .\ .
p-lactams2 (W) and3 (¥) at 25°C under buffered conditions. Lines through T /9ure 3. Plot of 10g kna’* for the L&"-catalyzed methanolysis of

the data are computed on the basis of fits to eq 5 containing up to three Nitrocefin (1) as a function ofpH, T = 25 °C. Lines through the data are
La®*»(-OCHq), species: vide infra. linear regressions for all points (dotted line), slep®.84 + 0.05, and for

the first 6 points (solid line), slope 1.02 £+ 0.03.

190 ' ' ' ' ' (b) La®" Speciation in Methanol.Recently we presented
125 - ) a study of the potentiometric titration of nine lanthanide metal
' , ions as well as z, Cuw', Cc", Ni?f, and T#' in
methanol® Titration data for L&" were obtained between
1001 ] 1x 103 M < [La(OTf)g] < 3 x 10°3 M, which is within
"o the concentration range where the kinetic plotskgf vs
_33 7.51 y 1 [La®'] are linear forp-lactams2 and 3. The linear depen-
dence of these plots gives no evidence of strong equilibrium
5.0F g binding to the metal ion. The potentiometric titration data
were analyzed with the computer program Hypergéiad
25k _ through fits to the dimer model presented in eq 1 where
assumes values of-b, to give the various stability constants
. . . , , (Kn) that are defined in eq 2. From the five computed
8.’8000 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 stability constants, |0§<175 =11.66-+ 0.04, 20.86+ 0.07,

[La®* M 27.52+ 0.09, 34.56t 0.20, and 39.3% 0.26, respectively,

Figure 2. Plots of thekoss Vs [La®t]ita for catalyzed methanolysis of we determined the distribution of the various’tf~OCHp),
nitrocefin (1), T = 25 °C andpH 9.80 @), pH 9.30 (), andpH 8.60 forms as a function ofpH at [La(OTfk]wta = 2 x 103 M

(). (a full speciation diagram is shown as Figure 3 in ref 14e).
ions to the substrate occurs which we have presented La3+2(’OCH3)n= oLadt + nOCH,~ 1)
previously!4c Because that fitting approach gives parameters

that are heavily correlated, the best-fit values cannot be used K,= [La3+2(7OCH3)n]/[La3+]2[OCH37]" 2)

in the absence of additional information, so we chose to base

our kinetic analyses on a more detailed speciation description The methanolyses of the metal-bound forms of nitrocefin
that is presented later. Each plot exhibits three general (1) were too fast to allow any titrations to determine the
domains from low to high [L&]:: linear at low concentra-  stoichiometry of the various species as a functiorfpi.
tions, followed by a sigmoidal upturn at intermediate Therefore, we resorted to using a nonreactive acid with the
concentrations, followed by a plateau at high concentrations same generajpK, as 1 (3,5-dinitrobenzoic acidpK, in
suggestive of saturation binding. The values of the constantsmethanol 7.16+ 0.01, this work, vs kineticpK, in

at the plateaukna®, wWhich represents the maximum methanol forl of 7.34). The formation constant for the
observed pseudo-first-order rate constant for methanolysisspecies L& »(3,5-dinitrobenzoate, as a model for the

of the L&"-bound nitrocefin, are plotted as a function of species L& ,(17), was calculatetd from the potentiometric
JPH in Figure 3 with the original values being given in titration of a solution of 0.02 M La(OT$)and 0.01 M 3,5-
Table S29 in the Supporting Information. The two lines dinitrobenzoic acid using the first 0.5 equiv of consumption
through the data are calculated as linear regressions of allof methoxide, corresponding to deprotonation of thé'ta
points (slope 0.84 0.05) and all points but the two highest bound carboxylic acid and comparing that apparigit,

PH (slope 1.02+ 0.03), the meaning of which will be  with the JpK, of the acid obtained from titration in the
discussed later. absence of metal ion. These concentrations are also well

Inorganic Chemistry, Vol. 42, No. 26, 2003 8627
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15.0 T T . T . T Table 3. log Ko-s' and logZKi-s Formation Constants for the Ea
Species Relevant to Kinetic Studies
! La®"5(17)("OCHg)n species logKo-st
La®"5(17)("OCHg)o 9.8+ 0.1
La®"5(17)("OCHg)s 18.14+ 0.41
La®*5(17)("OCHg), 26.39+ 0.1
La3*5(17)("OCHs)s 32.62+ 0.2F
La3*5(17)("OCHs)s 39.78+ 0.06
La**5(17)("OCHy)s 44.38+ 0.1C
La®"("OCHg)n species logK1-s
La®"5(~OCHg): 11.67+ 0.04
La3ty("OCHg)2 20.944+ 0.0
La*+5(~OCHs)s 27.61+ 0.03
La®"2("OCHs)a 34.68+ 0.03
La®*,(—OCHg)s 39.554 0.04
1

alog K formation constant for L¥(17) from La®" + 1~ is 7.2+ 0.1,
assumed to be approximated by what is determined from Hyperquad analysis
of titration data for a mixture of x 1072 M in each of La(OTf} and
3,5-dinitrobenzoic acid in methandlFrom the Hyperquad analysis of the
first 0.5 equiv of "OCHg/La®" of a titration of 0.02 M La(OTf} in the
presence of 0.01 M 3,5-dinitrobenzoic acid with §oi, of the latter set at
7.16.¢ From the Hyperquad analysis of all but the first 0.5 equiv of a titration
of 0.02 M La(OTf} in the presence of 0.01 M 3,5-dinitrobenzoic acid.

d From the Hyperquad analysis of a titration of 0.002 M La(QTi)th no
added salt$?

1 1 Il 1 Il
0'8.0 05 10 15 20 25

Equivalents OCHy/La®"

Figure 4. Potentiometric titration profiles for 0.02 M La(O&fjm), 0.01
M 3,5-dinitrobenzoic acid&), and a mixture of 0.02 M La(OT$)and 0.01
M 3,5-dinitrobenzoic acid®) determined in methanol at 2%.

3.0 35

above the saturation concentrations where the nitrocefin is
completely bound to two L3 ions in the plateau portions

of the kinetic plots shown in Figure 2. Shown in Figure 4
are the titration curves used for the analysis. The s
formation constants pertaining to the3tg OCHs), dimers
obtained from the analysis of the titration of La(O;By

Table 4. Computed Rate Constants for3a(-~OCH), Species in the
Methanolysis of and3 Determined through Fits d&°bsat Each
PHtoEq3

La®t,("OCHg), species

k22:n/M -1 Sfl

way of eqs 1 and 2 were input as constants for the computer
analysis. TheK,! formation constants for the E&(17)-

(TOCH), species, defined analogously as in eqs 3 and 4,
were assumed to be reasonably approximated by values

La3ty("OCHg)2
La®»(OCHy)

La3+2(*OCH3)2
La®*y("OCHg)s

k2?2=0.026+ 0.003
k,*1=0.06+ 0.01
k*2=0.98+ 0.11
k?3=1.23+0.13

obtained from the above titration of 2:1 La(O3F%)3,5-
dinitrobenzoic acid using all but the first 0.5 equiv. Given
in Table 3 are the so-derived constants.

La®",(17)("OCH,), =2La®" + 1+ n("OCH,) (3)

Ko_s' = [La® (1)(COCHy) J/[La* T[17][TOCH,]" (4)

(c) Fitting of the Kinetic Data. For lactams? and3 the
observed second-order rate constaki®y were fitted as a
function of JpH to the expression in eq 5, which is a linear
combination of the contributions of thgH-dependent
species L& »("OCH), La*™5("OCHg),, and L&",("OCHg)s
at eachlpH and wherek??, k*?, andk?? are the second-
order rate constants for the methanolysig of 3 promoted
by the various dimeric forms.

ko™= (k" '[La™,((OCHy),] + k" La’",((OCHy),] +
kI[La®",("OCHy)4))/[La(OTH)4; (5)

The concentrations of the Eg("OCHg), forms at each
JpH were calculated by HySS, a component of the Hyper-
quad suite of programs, using the formation constants

a Errors computed from the average % deviation in the fitted numbers
calculated by eq 5 from the actual kinetic data.

05

0.4+

0.3

kM s

0.2+

0.1

0.0

spH
Figure 5. Plot of the contributions of various B&(~OCHg), forms to
the ks for La3"-catalyzed methanolysis &as a function ofpH. Key:
(—) combined effects of various species; ¢ —) contribution of
Lad*5(“OCHg); (++) contribution of L& ,("OCHg)y; (- — ) contribution
of La3",("OCHg)s; (M) actualky®s kinetic data.

previously determineéf. The values for the computed rate Table 4 can be used to calculate the solid line in the figure,
constants are given in Table 4. Shown in Figure 5 is a plot which is a composite of the individual species contributions
of the observed second-order rate constants for the catalyzednd passes through the observed kinetic values acceptably.
methanolysis of3 as well as the contributions of various A similar treatment (not shown) was performed frand

species as function ghbH. From these it is clear that the
dominantly active form is LH,("OCHs),. The data from
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its computed solid line is also given in the log/log plot of
Figure 1.
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Figure 6. Speciation diagram for 1%(17)(OCH), forms as a function

of $pH computed from the formation constants given in Table 3 for

titration of 2 x 107> M 3,5-dinitrobenzoic acid and % 1073 M La3".

Values of 2:1n refer to L&*(17)("OCH), forms with variable numbers
of methoxides: ) La3*(17)("OCH)s; (a) Lad5(17)("OCHg)s.

Table 5. Computedk ma®™ or kuax> 1™ Rate Constants for Various
Species for the L -Catalyzed Methanolysis of NitrocefirL)
Computed from Fits okna?S vs pH Data to Egs 7 and®6

[L6§+2(17)(7OC|'h)n] K mal ™ OF Kiap? 1"

B,(17)("OCHg)o  Kma?l0= (2.9+ 0.4) x 10BP
L& (1) ("OCHs)  Kmadtt=(2.840.4) x 10°P

La®*5(17)("OCHs),  Kmaldl2= (0.66 0.09) x 108b
L& 2(17)("OCHy) 2211=1.314+0.17
L& (17)("OCHg).

S212=1.624 0.22
La® (1) ("OCHy); Kma2l2=42.8+ 5.

model

external methoxide
model (eq 7)

internal methoxide
model (eq 6)

aErrors computed from the average % deviation in the fitted numbers
calculated by eq 6 or 7 from the actual kinetic d&thlm,21" values are
actually second-order rate constants in units oftld! after accounting
for the "OCHs concentration® kma,?L™" values in units of st

In the case of which is completely bound to Ba dimers

in the plateau portion of Figure 2, a similar approach was

used, but because ¥a(1) is too reactive to be determined
by potentiometric titration, we required some nonreactive
material as a model. The best-fit constants for th& 4(a")-

100.0 L L :

10.04

1.0

-

0.1+

ob:
®Is

1.0x10 92

kmax

1.0%10%
10x10%

1.0x10%

1.0x10%
6 7 8

SpH

Figure 7. Plot of thekma®Svs pH for the L&*,-catalyzed methanolysis
of 1. Lines come from the fit of the kinetic data to eq 6:)(composite of

all contributions; £ - —) contribution of L&"»(17)("OCH); (-++) contribu-
tion of Lad*»(17)("OCHg)z; (— — —) contribution of L& »(17)("OCHg)z.

values for the various constants from each model are given
in Table 5. Shown in Figure 7 is a plot of thga" vs JpH

data along with the fit given by eq 6. The fit to eq 7 is
mathematically identical to the fit to eq 6 because the two
mechanisms these describe are kinetically indistinguishable.
The derived constants have different meanings and are
therefore not included in the figure but will be discussed
later.

3
kmaxcbS= kmaxz:l:n[l-as_‘-z(l_)(_ocH3)n]/ [1]total (6)

2
K=Y Ky “"[La®*(17)(COCHy), I OCH/ 1o
= (7)
Discussion

All the La*"-catalyzed methanolysis reactions that we have

(TOCHg), species, assumed to be accurately approximatedinvestigated fall broadly into two categories, namely those

by the potentiometrically derived constants for thét'l,a
(3,5-dinitrobenzoatd(-OCHs), species, were used to de-
termine their concentrations at egphi. Shown in Figure 6

is the full speciation diagram computed under conditions
where [l] =2 x 10°M and [L&]; = 2 x 1073 M.

where there is no kinetically observed binding of the substrate
to any of the L&" forms and those where there is strong
binding. The former category includes uncharged esférs,
activated amides such as acetyl imidaZdt@nd phosphate
triesters such as paraoxod#),t*¢ while the latter category

These species were assumed to be the kinetically activeincludes anionic substrates such as the phosphate diesters

ones that were used to fit thga,°Ps plot shown in Figure 3.
Two possible models for the kinetic behavior were consid-
ered involving (i) internal L& ,-bound-OCH;z acting as the
nucleophile on coordinated and (ii) external attack of
methoxide on each Ba,(17)("OCHg), species. For the first
model involving only L&",(17)("OCHy), delivering an
internally coordinated methoxide, a linear combination of

methylp-nitrophenyl phosphates)i4c and 2-hydroxypropyl
p-nitrophenyl phosphate).24¢ In the former category, where
there is no strong binding of the substrate to the metal, above
a relatively low [L&"] of 2.5 x 1074 M the kinetics become
linear in metal ion concentration because of the complete
formation of L&" dimers. At these concentrations, the
kinetics exhibit good second-order behavior, first order in

active species described by the expression given in eq 6 wagach of substrate and tadimer. Such is the case with the

used, wherek,,21" are the best-fit pseudo-first-order rate
constants for each bound Yadimer with “n” methoxides.

simple lactam® and 3 studied here.

0 0]
In the second analysis, where external methoxide is the active,, | , < > NG, CHO—b—0 < > NO, >j 0
nucleophile on any of the B&,-bound forms, the expression et e "o °‘i.‘° e
5
4

given in eq 7 was used to fit the,,2" data. The best-fit

6

Inorganic Chemistry, Vol. 42, No. 26, 2003 8629



Montoya-Pelaez et al.

On the other hand, when there is strong binding of the Scheme 1 2

metal ion(s) to the substrate, the kinetics at a giya CHy CHs
generally exhibit domains where first one3tainds to the SN N 8
. . . La La™ + — la La
substrate and, with further increases inJiJaa second metal e O/EL\ — N\~ N
ion binds to the substrate. Both of the’taand L&*,-bound J:I-; A &y A
3

forms exhibit catalysis that has some dependencipldras

is the case in this study with nitrocefin. Where comparison
can be made with binding of substrates to*Lan water, CHs ChHy CHs
binding in methanol is markedly stronger due to the reduced " L {La& 10

-ATNH(CHQ)QCOZCH:; 1 L

y .
L N L N

dielectric constant of the medium relative to water (31.5 vs L4 /2 — \ -

78.5 at 25°C) .2 For example, in the case of 2-hydroxypropyl Hc” g 0 H C/b O(') ho " ™o
) o . 4 3 \

p-nitrophenyl phosphates), the binding constant with one HJ/LOCHs Arf,?\&

La®" in water is 74 M%,21 while in methanol it is at least AN A—N

10*-fold stronger at-10° M~*.*4¢ Moreover, in water there a Methanols of solvation were omitted for clarity.

is little propensity for binding more than one metal ion unless

chelating ligands are present to predispose formation of The most abundant species is*Lg OCHs), betweeripH
dinuclear complexes. In methanol3aat concentrations 2 8 and 10 (maximum concentration©B0% of the total L&' -

x 10~* M, spontaneously forms very active dimeric species containing species ajpH 8.9), but L& ("OCHs); and
which, in the case of L*,("OCH;),, we have formulated  La3*,("OCHs); are also present to a lesser extent (maximum

as a doubly bridged dimef7 (in eq 8). concentrations of-25% of the total L&"-containing species
Other forms with the stoichiometry E&("OCHg)1 3 45can in each reached at respecti§gH values of 7.5 and 10).
be identified from potentiometric titratiéhand, in selected To assess the catalytic viability of these forms, we fit the

cases, by electrospray mass spectroméfrgome of these,  k,°Ps values to a linear combination of the contributions of
for example with 1 and 3 methoxides, have been shown to the various forms (eq 5) and determined that',@t OCHg),
have activity for methanolysis reactions pfnitrophenyl and L&",("OCH); contribute prominently and E&(-OCH),

acetaté&® and paraoxor® far less so to the overall kinetics for methanolysig efhile
only La®*,("OCH), is required to explain the methanolysis
s of 2 up toJpH 8.92. The best-fit values for all the constants
ALa3HHOCH S + 20CHS" <= (GHLOH) SL;<O>L%?CH30H)y ® are given in Table 4. As can be judged by the plot sh(_)wn in
0. Figure 5 for methanolysis &, and by the calculated lines
CHy 7 through the kinetic data f& and3 in Figure 1, the fittings
account for the observed kinetic data very well.
(a) La®"-Catalyzed Methanolysis of Simple Lactams 2 In either case the species that contributes most of the

and 3.0n cursory inspection, the appearance of thekgg activity in the pH range investigated is Ba(-OCHs),

vs JpH plots for the methanolysis d@ and 3 shown in with computed second-order rate constants of 0.026 and 0.98

Figure 1 suggests the plateau results from formation of anM~! s* for the methanolysis o and 3, respectively. In

active species generated by ionization of a single group the case o8 the rate constant for the Ea(~OCHs)s species

associated with the catalyst which has an appajeft of is larger at 1.23 M* s7%, but overall that species does not

~7.5-7.8. If we follow that line of reasoning, the maximal contribute so much to the kinetics because its concentration

second-order rate constant for catalysis of the methanolysisis lower than that of L& ,("OCHs),. These constants can

of 2 and3 at the plateau would be & 102 and 35x 102 be compared with the second-order rate constants for the

M~ s71 respectively. The 35-fold difference is attributed methoxide reactions, 0.0026 and 0.43'\* respectively

to the electron-withdrawing effect of the N@roup increas-  for 2 and3.2223The overall catalytic effect of the composite

ing the electrophilicity of the &0 unit of 3. reactions catalyzed by all the species can be judged in
A deeper analysis of the kinetics must take due cognizancecomparison to the base-catalyzed reaction at a nejtiral

of the L&" speciation as a function apH since this of 8.4, where the JOCHg] is 4.27 x 10° M and a 1 mM

changes throughout thipH region where the kinetics are  solution of catalyst (generated from 2 mM of La(Ogf)

determined. The speciation is available through computer accelerates the methanolysis2by ~2 x 10'-fold and 3

fitting of the L&* potentiometric titration data obtained at by ~5 x 1C-fold. Interestingly, there is a 40-fold larger

concentrations of 1 to % 1073 M (where the kinetics are  catalytic effect for the less reactive lactam.

linear in [L&*];) to the model given in egs 1 and‘2Up to In Scheme 1 is a proposed mechanism fo'b@OCH),-
JPH ~9.7, the highesipH where the kinetics were deter- catalyzed methanolysis of the simgldactams. Neithe
mined, the dominant forms are ¥a("OCHs), , n = 1-3. nor 3 binds strongly to any form of 1% since, under the

conditions investigated, the kinetics are strictly second-order

(20) Harned, H. S.; Owen, B. Brhe Physical Chemistry of Electrolytic
Solutions 3rd ed.; ACS Monograph Series 137; Reinhold Publishing: (22) Broxton, T. J.; Deady, L. WJ. Org. Chem1974 39, 2767.

New York, 1957; p 161. (23) By way of comparison, the HQOreaction in water has reported second-
(21) Morrow, J. R.; Buttrey, L. A.; Berback, K. Anorg. Chem1992 31, order rate constants of 1.% 1073 and 50 x 10° M1 s
16. respectively:sb
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overall with no evidence of any saturation phenomenon. species L& »(17)("OCHk),. This constant indicates that metal
Nevertheless it is difficult to envision any catalytic process saturation should be observed at millimolar concentrations,
without some transient substrateatalyst complex being nicely verifying the situation shown in Figure 2. It is
formed @ in Scheme 1). This is because the computed important to realize, on the basis of the first and second
second-order rate constants for the activ€h@OCH;), binding constants, that above a concentration-@0 ¢ M
form are similar to or slightly larger than those for methoxide in La®", when in excess ofl], at least one metal ion is
even though thelpK, for the metal-bound HOCH is bound, and above 18 M, the second L% is bound. The
reduced from that of unbound methanol by roughly 9 units. data in Table 3 can also be used to compute the binding
Consequently, a metal-stabilized methoxide should be sub-constants ofi~ to any of the L&"("OCHg), forms simply
stantially less nucleophilic than free methoxide by virtue of as (logK.' — log XKy). Interestingly, these binding con-

a normal Brgnsted relationship unless an additional role for stants range from £07 to 10*%3 M~ as one sequentially
the metal is operative such as acting as a Lewis acid toadds methoxide. In the order from ¥a(17)("OCHs) to
activate the €&0O. A methoxy group bridged between two La®",(17)("OCHg)s, the progressively lower affinity of the
La’" ions, as ind4, may not be sufficiently nucleophifi¢?® 1~ for the species with larger number of methoxides is
to attack the coordinated lactam so, as we have previouslyprobably due to the reduced overall positive charge on the
proposed for the analogous reactions with the far less reactivebound species.

phosphate triester paraoxéfit is possible that one of the  what concerns us here is the overall speciation of bound
La**-~OCHs-La*" bridges opens to reveal a singly coordi- 5rms of 1- (La®,(17)(“OCHs),) as a function ofpH at
nated L&™-"OCHs (9). This then undergoes intramolecular high concentrations of Icorresponding to those in the
nucleophilic a_ddition to the %_O (10 followgd by ejecti_on plateau portion of thekss vs [La®*] plots (see Figure 2).

of the N leaving group to givdl from which the active The L&*5(17)("OCHs), speciation diagram shown in Figure
La®"y("OCHy), form is regenerated. Whether departure of g refiects the kinetic conditions of 2 105 M 1 and 2

the anionic N occurs with coordination to the metal ion or 15-3 [La® 0w INSpection of the diagram indicates that

how it becomes protonated cannot be assessed at this timeoetweenipH 6 and 10, where the kinetics of methanolysis
(b) La**-Catalyzed Methanolysis of 1.The pH Vs Iog ¢ | g3+,-hound 1~ were monitored, the major species are

kows profile for the methanolysis df in the absence of metal La®*,(17)("OCHs)o, La* »(17)("OCH)1, La* »(1-)("OCH),

ionst? consists of three domains and was analyzed in terms Lad ,(17)("OCHs)s, and L&*,(1-)("OCHy)a. The involve-

of the gnechr?mism .pregesnted ineq 9. The ascending pPortionment of the latter species and alsGL41-)(“OCH)s, which
at low pH with a kinetic pK, of 7.34 for the COOH glvgs appears at highépH, cannot be ascertained from fits to the
rise to a plateau fronfpH 7.5-12 (Kweon = 8.96 x 10~ kinetic data and are therefore not included as relevant

s*) for methanol attack, probably with general base as- ygactants. The diagram also illustrates thas completely
sistance by the internal COQfollowed by a CHO™ domain bound by$pH 5
: .

i — 1g1
havinglaeo = 1.18 M s There are two kinetically indistinguishable mechanisms

kMeOH that can be considered for fitting the kinetic data for
1-COOH 1-COO- p © methanolysis of the L%,(17)("OCH;), species. The first
KMeO. mechanism, described by eq 6, involves spontaneous metha-

nolysis of the of L&",(17)("OCHg), forms, the amounts of

The plots of keps vs [La*]; shown in Figure 2 for  which vary withSpH in a way predicted by their formation
methanolysis ofL show, at low [L&'], evidence of very  constants. The fit to the kinetic data shown in Figure 7
strong 1:1 binding, which gives way to saturation 2:1 binding indicates that the pseudo-first-order rate constants (see Table
on further increases in [E?.i] AnalySiS of the pOtentiometriC 5) for the Lé‘*z(l*)(*OCHS)n forms responsib|e for spon-
titration data for a mixture containing 2 10°Mineach  taneous methanolysis increase with numbers of added
of La(OTf); and 3,5-dinitrobenzoic acid gives a log formation - methoxides. The contributions of each form to the fit shown
constant for L& + ArCOO™ = La**—~O,CAr of 10799 i Figyre 7 can then be determined on the basis of how much
M™%, which we take as a reasonable approximation for the sf each is present at aijgH, coupled with its rate constant
formation constant of L% (17). The binding constant for the  ¢or reaction. The fit is remarkably good given the inherent
process L& + La*(17) = La**5(17) can then be computed  455umptions that the 3,5-dinitrobenzoate complexes ac-

as 16° M~ from the logKo' data in Table 3 for the  cyrately represent the speciation for the nitrocefin complexes.

(24) (a) Williams, N. H.. Cheung, W. Chin, J. Am. Chem. Sod998 The _second mechanism involves an attacl_< pf e_xte_rnal
120, 8079. (b) Wahnon, D. Lebuis, A.-M.; Chin, Angew. Chem., methoxide on L& ,(17)("OCH),, but because this is kineti-

Int. Ed. Engl.1995 34, 2412. : . . .
(25) Recent studies with dinuclear Znenzymes and theoretical analyses cally equivalent to the internal methoxide mechanism, the

of such have also considered an opening ofydroxo bridge prior form susceptible to methoxide attack at any gige must
to nucleophilic attack on bound substr&déennett, B.; Holz, R. C. have one less bound methoxide than the form responsible

J. Am. Chem. S0d.997 119, 9, 1923. Zhan, C. G.; deSouza, O. N.; . .
Rittenhouse, R.: Ornstein, R..L Am. Chem. S0d999 121, 7279. for the internal or spontaneous methanolysis process de-

gg?gsz.; ﬁrotshgers, EI.DN.'\;/| Merzk KMMj’ jBEch%mhistr@Oéoﬁé(lj scribed above. Overall the fit obtained with eq 7 is identical
. DIz, N.; suaez, D.; Merz, K. M., Jrd. Am. em. S0 f .
120, 4197, Krauss, M : Gilson, H. R. S.: Gresh. N.Phys. Chem. B to that obtained with eq 6, but the rate constants (Table 5)

2001, 105, 8040. are now second-order ones with values of .98, 2.8 x
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103, and 0.66x 10° M~1s™! for methoxide attack on L4, without transient binding to the B& dimers prior to the
(17)(TOCHg)o, La®"5(17)(TOCHg)1, and L& »(17)("OCH),, actual methanolysis reaction. The role of the catalyst is then
respectively. to provide both Lewis activation and delivery of a’ta

There is nothing by way of argument that might allow bound methoxide.
one to prefer one or the other mechanism. The computed This type of catalytic activity was not previously observed
second-order rate constants for methoxide on the boundfor Zn?* in solution with simple lactams that do not contain
forms are high at- 10° M~* s™ but are well below the limit ~ a pendant group such as CO@hat can bind to the metal
of ~10"M~* st which would be appropriate for a diffusion- ion thus enforcing its proximity with the scissile (NFD
limited process involving reaction of an anion and a unit. The fact that the 13 dimer does catalyze methanolysis
positively charged speci@sThese values compare favorably of the simple lactams points to some special property or set
with the rate constant for attack of GBI" on the (NH)s- of properties that could include ability to bind the=O unit
Cd" complex of acetylimidazole, another activated amide by one of the metal ions as a Lewis acid to activate it toward
positively charged by virtue of metal coordination, for which nucleophilic attack by the methoxide associated with the
akp of 4.69 x 10’ M~! st was determine#*?’Relative to  second metal ion. These features may be related to the

the uncatalyzed attack of GB~ on 1~ (kowe = 1.18 M™* catalysis exhibited toward lactam hydrolysis in the active
s™1) putative attack of methoxide on the¥'a(17)("OCHs)o,1.2 site of the dinuclear Z1-S-lactamases.
forms is accelerated by some®#old. Regardless of which When the substrate contains an anionic group such as

mechanism is actually operative, a comparison can be madecOO- or (ArO),PO;~ “cthere is a strong equilibrium binding
for the L&"-promoted methanolysis of fully bountl at  with one L&, but this does not, in the case of nitrocefin,
neutraldpH of ~8.4 kna*s= ~1 s) with the spontaneous  give a complex which shows marked catalysis. Binding of a
methanolysis ofl~ (kweon = 8.96 x 10° s™9)* for an  second L& yields a species that is far more active for the
observed acceleration ef10*-fold. methanolysis process, and the reason for this may be that a
bound dimeric form of L& may position the metal ions
nearer to the reactive site to provide catalysis of the methano-
In the above we have shown thatadimers markedly lysis. The activities of the 13(17) or La*("O,P(OAr))
accelerate the methanolysis of two simplaryl-3-lactams forms increase witlpH in a way which may appear to be
which do not have metal binding sites and nitrocefin in which first order in [OCH;] or decidedly less than first order (0.5
there is strong equilibrium [24,-binding to the COO. Two order in the case of methyp-nitrophenyl phosphaté).
main points are revealed by the in-depth study of th&',a  Understanding why this is so requires due consideration of
speciation as pertains to the two typegsefaictams. Where  the L&*-bound species and how these change as a function
there is no strong binding (e.g. withand3), the catalytically  of JpH. In the case of nitrocefin, we have dissectedié
active forms are L¥,("OCHg), in which the numbers of  dependence of these species and shown that two kinetically
associated methoxides vary from 1 to 3 as a functiojpldf equivalent mechanisms can account for the overall behavior.
with the dominant catalytic species having 2 methoxides. )
This form was earlier shown to be catalytically active for ~Acknowledgment. The authors are indebted to the
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