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Introduction

b-Lactamases are a class of enzymes that efficiently catalyze
the hydrolytic opening of b-lactam rings.[1,2] Since the b-
lactam motif is a crucial subunit of the largest group of ther-
apeutically useful antibiotics, comprising the penicillin,
cephalosporin, and carbapenem families, bacteria express b-
lactamases in order to escape the action of these important
b-lactam antibiotics. Nowadays, increasing resistance against
b-lactam antibiotics poses a serious clinical problem.[3–5]

Known b-lactamase enzymes are usually grouped into sev-
eral classes.[6] Most abundant are the various serine b-lacta-
mases, the catalytic mechanism of which involves an acyl in-
termediate formed by nucleophilic attack of an active-site
serine residue on the b-lactam.[2,7,8] Over the years, success-

ful inhibitors such as sulbactam have been developed for
this class of b-lactamases. Unfortunately, serine b-lactamase
inhibitors are inactive towards enzymes of the other class of
b-lactamases, which depend on one or two zinc(ii) ions
within their active site.[9–11] These so-called metallo-b-lacta-
mases are less common, but hydrolyze a wide range of sub-
strates. Since clinically useful inhibitors are not yet avail-
able, their spread to pathogenic species has raised the con-
cern of the biomedical community.[3,5,9] A detailed mechanis-
tic picture of metallo-b-lactamase action is not only of fun-
damental interest, but may also contribute to the
development of efficient mechanism-based inhibitors.
Sequence information and X-ray crystal structures are

known for several metallo-b-lactamases, in particular for the
enzymes from Bacillus cereus and Bacteroides fragilis.[11,12]

The majority of these have similar asymmetric dinuclear
zinc-binding motifs with three histidine residues bound to
the first zinc ion and a cysteine thiolate, the carboxylate
group of an aspartate, another histidine residue, and a water
molecule bound to the second zinc atom (Figure 1).[13–18]

Either a typical tightly bridged form A or a so-called loosely
bridged form with larger Zn···Zn separation have been de-
tected in some of the crystallographic work on proteins

Abstract: A series of highly preorgan-
ized pyrazolate-based dinuclear zinc
complexes has been studied as func-
tional synthetic analogues of metallo-b-
lactamases, a class of bacterial enzymes
that cause serious clinical problems be-
cause of their degradation of common
b-lactam antibiotics. We have investi-
gated the hydrolytic cleavage of peni-
cillin G mediated by the different dinu-
clear zinc complexes, and have de-
duced structure–activity correlations.
While cooperative effects of the adja-
cent metal ions might be operative,
these are found to either enhance or
diminish b-lactamase activity with re-

spect to a single free zinc. Drastic dif-
ferences in activity are ascribed to a
lack of accessible binding sites after in-
corporation of the substrate within the
bimetallic pocket of 2 and 4, whereas
partial detachment of hemilabile ligand
side arms in 1 and 3 opens up available
coordination sites for nucleophile acti-
vation and/or for binding and polarisa-
tion of the b-lactam amide oxygen
atom. This interpretation has been cor-

roborated by NMR spectroscopic and
mass spectrometric evidence as well as
by X-ray crystallography of several ad-
ducts formed between the pyrazolate-
based dinuclear zinc scaffolds and the
small substrate analogue oxazetidinyla-
cetate (oaa), 5–7. In all adducts, the
carboxylate group of oaa is the primary
anchoring site and is nested in a bridg-
ing position within the bimetallic
pocket. However, zinc binding of the
b-lactam amide oxygen atom has been
confirmed crystallographically for the
first time in 7, in which additional
open-site coordination sites are avail-
able.

Keywords: antibiotics · bioinor-
ganic chemistry · lactams · metallo-
hydrolase models · zinc

[a] Dr. B. Bauer-Siebenlist, Dr. S. Dechert, Prof. Dr. F. Meyer
Institut fAr Anorganische Chemie
der Georg-August-UniversitCt Gçttingen
Tammannstrasse 4, 37077 Gçttingen (Germany)
Fax: (+49)551-393-063
E-mail : franc.meyer@chemie.uni-goettingen.de

Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.

Chem. Eur. J. 2005, 11, 5343 – 5352 DOI: 10.1002/chem.200401272 I 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5343

FULL PAPER



from different organisms.[14,17] The latter has been repro-
duced by a shared water/hydroxide structure B in quantum

chemical studies and molecular
dynamics (MD) simulations
for the B. fragilis and B. cereus
enzymes in their free and sub-
strate-complexed forms,[19–21]

and such a more flexible non-
bridged form (B) may best be
described as an O2H3 unit be-
tween the two zinc ions. The
Zn···Zn separations are hence
found to vary between 3.4 (A)
and 4.4 L (B).
Although the dinuclear zinc

form of metallo-b-lactamases
from B. fragilis and B. cereus is usually considered as the
biologically active one, the role of the second Zn2+ ion re-
mains controversial, since the affinity of the enzyme for the
two metal ions may differ drastically (with comparable affin-
ity for both zinc ions in the case of B. fragilis, but much
lower affinity for the second zinc ion in B. cereus).[22,23] Fur-
thermore, activity is also observed for the mononuclear spe-
cies and distinct mechanisms may be relevant for the mono-
and bimetallic forms.[12,23–25] Details of the catalysis by dinu-
clear zinc metallo-b-lactamases are still a subject of contro-
versy, although it is generally postulated that interaction of
the b-lactam carbonyl group with a zinc ion polarizes the
C�O bond and allows nucleophilic attack by a metal-bound
hydroxide with fission of the C�N bond. Subsequent proto-

nation of the b-lactam nitrogen atom and dissociation of the
acyl group would liberate the ring-opened product
(Scheme 1).[24]

While the exact identity and position of the nucleophile is
unclear, calculations led to the proposal that substrate bind-
ing may induce rupture of the hydroxide bridge and an in-
crease in Zn···Zn separation in order to enhance nucleophi-
licity of the hydroxide group.[19–21] The pH profiles of the B.
cereus reaction indicate that the second zinc(ii) is not re-
quired for nucleophile activation, but it has been proposed
that it may play a role in orienting the attacking nucleophile
and in stabilizing reaction intermediates.[24,26–28] A ring-
opened form of the substrate could be detected as an inter-
mediate in the hydrolysis of nitrocefin by the B. fragilis
enzyme,[29] and its identity as a zinc(ii)-bound N-deprotonat-
ed species that results upon C�N bond-cleavage has been
corroborated by model studies.[30]

While several groups have dealt with the hydrolysis or
methanolysis of b-lactams by using simple transition-metal
salts including Zn2+ salts,[31, 32] very few studies have em-
ployed preorganized dinuclear zinc(ii) complexes as func-
tional mimics of metallo-b-lactamases.[30,33, 34] Such models
might provide valuable insights into the mechanistic role of
the second Zn2+ ion, cooperative effects of the adjacent
metal ions, and the identity of the active nucleophile. Lip-
pard and co-workers recently reported an in-depth study of
nitrocefin hydrolysis mediated by phenol- and naphtyridine-
based dinuclear zinc complexes.[33, 34] From the observation
that some mononuclear zinc(ii) complexes are as efficient in

nitrocefin hydrolysis as the dinuclear zinc(ii) complexes they
concluded that the second Zn2+ is not required for catalytic
activity. Depending on the specific system, either a bridging
or a terminal hydroxide was found to act as the nucleo-
phile.[33,34] Preferential metal-ion coordination of b-lactam
substrates by means of a monodentate carboxylate group
was inferred from 13C NMR and IR spectroscopy.[33,34]

Here we report a comparative study on the hydrolytic
cleavage of penicillin G (pen) mediated by the recently re-
ported dinuclear zinc(ii) complexes 1–4,[35–37] as well as struc-
tural and spectroscopic insights into the mode of substrate
binding. Complexes 1–4 are based on multifunctional pyra-
zolate ligands HL1–HL4, which offer the advantage to con-
strain the accessible range of metal–metal separation by

Figure 1. The active site structure of B. fragilis b-lactamase.[14]

Scheme 1. Proposed mechanism of metallo-b-lactamase.
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means of the lengths of the chelating side arms attached to
the heterocycle.[36,38–40] Hence, a Zn···Zn separation >4 L

occurs in complexes 2 and 4 with shorter chelate arms,
giving rise to a labile O2H3 unit within the bimetallic pocket,
while 1 and 3 feature much shorter Zn···Zn separations of ~
3.5 L and a more tightly bound bridging hydroxide
group.[35–37] Previous work on these complexes has indicated
that the pKa of Zn-bound water may be lowered even more
drastically if the resulting hydroxide group is involved in
strong intramolecular hydrogen bonding in the O2H3 moiety
than if trapped in a bridging position between the two metal
ions. The corresponding acids of 2 and 4 were found to have
pKa values of 7.60 and 7.57, respectively, while that of 1 has
a pKa value of 7.96 (dinuclear zinc complexes of HL

3 are
not sufficiently stable in aqueous solution).[36–38,41]

It is interesting to note that the different situations of a
Zn-O(H)-Zn bridge in 1, 3 versus a Zn-O2H3-Zn bridge in 2,
4 closely resemble the two active-site model configurations
A (“tightly bridged”) and B (“loose” or “nonbridged”) de-
scribed above, with Zn···Zn separations of ~3.5 and ~4.4 L,
respectively. The Zn-O2H3-Zn unit has previously been pro-
posed as a structural and possibly functional motif in oligo-
zinc enzymes,[35,42] and most recently this has been supported
by DFT calculations on the bovine lens leucine aminopepti-
dase (blLAP) active site.[43]

Since adducts of complexes 1–4 with penicillin G (or its
hydrolytically cleaved form) could not be obtained as single
crystals, for binding studies we also used simple b-lactams
such as N-benzylazetidinone (nba) and oxazetidinylacetate
(oaa), which contain essential structural elements of the
common antibiotics (b-lactam amide or b-lactam amide and
carboxylate, respectively). The b-lactams used in this work
comprise penicillin G (pen), 2-oxazetidinylacetate (oaa),
and cephalothin (ceph), and are shown below.

Results and Discussion

Hydrolysis of penicillin G by dinuclear zinc(ii) complexes :
We followed the time-course of penicillin G hydrolysis
mediated by complexes 1–4 by in-situ FT-IR spectroscopy.
IR spectra of b-lactams show a strong band for the lactam
C=O valence vibration. Its position is markedly shifted to-
wards higher wavenumbers relative to absorptions of car-
boxyesters, amides, and carboxylic acids, and the isolated
position of the penicillin G lactam C=O stretch at 1768 cm�1

allows a quantitative evaluation (see Figure 2). The appear-
ance of a new band for the carboxylate of the ring-opened
product around 1650 cm�1 adds an independent measure.
When complexes 1–4 were added to solutions of penicillin

G (four equivalents in DMSO/water 9:1)[44] and IR spectral
changes were followed over several hours, gradual disap-
pearance of the b-lactam n(C=O) band could be observed in
most cases. Control experiments with simple Zn2+ salts such
as Zn(NO3)2·6H2O or Zn(ClO4)2·6H2O and experiments
under basic conditions (KOtBu) in the absence of zinc ions
were carried out for comparison. This was expected to
reveal the contribution from general base and single-site re-
activity, and to provide additional information on the effect
of preorganization of the dinuclear zinc center. Plots of the
concentration ratio penicillin G/complex versus time are
shown in Figure 3. No significant differences were observed
for Zn(NO3)2·6H2O and Zn(ClO4)2·6H2O, confirming that
these salts are dissociated and that the anion has no influ-
ence.
Drastic differences in hydrolytic efficiency for the various

systems are apparent. KOtBu (without Zn2+) and complex 4
are inactive and barely promote the cleavage of penicillin G
within the time-frame investigated. For all other compounds
the reaction rate increases in the order 2<Zn2+ <1<3, and
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simple base hydrolysis can thus be ruled out. While the ac-
tivity for 2 is less efficient than that for free zinc, 1 and 3
show significantly enhanced activity. In particular, in the
presence of 3, three out of four equivalents of penicillin G
are cleaved within around 20 min. Cooperative effects of the
adjacent metal ions might thus be operative (either enhanc-
ing or diminishing b-lactamase activity with respect to a
single free zinc), but these effects apparently depend on the
particular molecular arrangement that is determined by the
ligand scaffold.
Characteristic Michaelis–Menten-type behavior involving

a substrate-binding pre-equilibrium had been observed pre-
viously for phosphate diester hydrolysis mediated by pyrazo-

late-based dinuclear zinc complexes.[36,37] A similar mecha-
nistic scheme is assumed here, but unfortunately the small
concentration range available under the experimental setup
hampered any comprehensive kinetic analysis.[45] To get
some insight in the molecular causes for the trends in reac-
tivity evident from Figure 3, substrate binding has been
studied in more detail. It should be noted that cephalothin
is not cleaved to any significant extent by any of the present
complexes within several hours, in accordance with the
known higher stability of cephalosporins over penicillins.

Binding of b-lactam substrates in solution : In b-lactam anti-
biotics such as penicillin G, several potential donor groups
are available for metal-ion binding. These comprise the car-
boxylate, the b-lactam amide (through N or O atoms), the
appended amide function, or the thioether (through the S
atom). The mode of coordination depends on the metal and
on the particular substrate and is usually inferred from spec-
troscopic data, while structural information is very scarce.
Here, binding of penicillin G (and cephalothin) to com-
plexes 1–4 has been investigated by means of electrospray
ionization (ESI) mass spectrometry as well as IR and NMR
spectroscopy; the simple substrate analogue oxazetidinylace-
tate (oaa) was used for crystallographic work.
Upon addition of the active complexes 1 or 3 to a solution

of the substrate in DMSO/aqueous TRIS buffer (8:2) at pH
7.32, 7.83, or 8.47, a change of the b-lactam n(C=O) absorp-
tion from 1768 to around 1749 cm�1 was observed within the
first few minutes. The intensity of the latter band then de-
creased gradually due to hydrolytic cleavage of the lactam
ring. A shift of 25–50 cm�1 for n(C=O) to lower wavenum-
bers has been reported as indicative of metal-ion coordina-
tion to the b-lactam oxygen atom.[46] It should be noted,
however, that prior to the onset of the hydrolytic reaction
we observed no major spectral changes upon mixing of the
complexes and penicillin G in a DMSO/water mixture in the
absence of TRIS buffer. The cause for this effect of TRIS
buffer (which is present in a large excess at concentrations
of 0.1–1.0m) is not clear at present, but it gives a further
reason for the use of nonbuffered DMSO/water in the hy-
drolysis experiments described above.
The 13C NMR spectra of the hydrolytically more inert

cephalothin in the presence of complexes 1 or 2 in
[D6]DMSO reveal a noticable downfield shift of the carbox-
ylate signal from 163.8 (free cephalothin) to 166.7 (1) or
165.8 ppm (2), but only a minor downfield shift for the lacta-
mic 13C NMR resonance from 162.8 to 164.1 (1) or
164.2 ppm (2). The positions of the carbonyl signals for the
ester group and for the appended amide do not change sig-
nificantly (less than 1 ppm). Since a downfield shift of the
carbonyl 13C NMR resonance is characteristic for metal-ion
coordination, the NMR data clearly suggest that zinc binds
to the carboxylate group, while the involvement of the b-
lactam oxygen atom in zinc coordination remains ambigu-
ous.
ESI mass spectra of solutions of complexes 1–4 in metha-

nol[47] containing one equivalent of penicillin G or cephalo-

Figure 2. IR spectral changes during the hydrolysis of penicillin G medi-
ated by 3 in DMSO/water (9:1).

Figure 3. Time course of hydrolytic cleavage of four equivalents of peni-
cillin G promoted by complex 1, 2, 3, 4, KOtBu, or Zn(ClO4)2·6H2O in
DMSO/water 9:1 (v/v). In the case of 1, 2, 3, and Zn2+ , the solid lines are
meant as a guide to the eye.[45]
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thin reveal dominant peaks for species [Zn2(L)(pen)-
(OMe)]+ or [Zn2(L)(ceph)(OMe)]

+ , respectively. In some
cases, minor signals characteristic for [Zn2(L)(pen)2-
(MeOH)2]

+ or [Zn2(L)(ceph)2]
+ are also detected. The spec-

trum for 1/penicillin G is depicted in Figure 4 as an example.
IR spectroscopy proved informative for further character-

ization of the major [Zn2(L)(pen)(OMe)]
+ species observed

in the ESI mass spectra and to differentiate between possi-
ble substrate binding modes. After mixing the respective
complex 1–4 with an equimolar amount of penicillin G in
methanol/DMSO (1:1), the b-lactam n(C=O) absorption
changes significantly from 1773 to around 1740 cm�1, while
shifts are only minor (from 1616 to around 1610 cm�1) for
the carboxylate group. The n(C=O) absorption at
~1740 cm�1 is in the range characteristic for carboxylic
esters and may indicate that in the [Zn2(L)(pen)(OMe)]

+

species detected by ESI mass spectrometry the b-lactam
ring has been cleaved by methanol to give a methyl ester.
On the other hand, the analogous [Zn2(L)(ceph)(OMe)]

+

species could be observed by ESI-MS for mixtures of the
complexes and cephalothin, despite that fact that the more
inert cephalothin is not hydrolyzed by 1–4. This suggests
that in the [Zn2(L)(pen)(OMe)]

+ and [Zn2(L)(ceph)-
(OMe)]+ species the b-lactam ring is still intact and a dis-
tinct Zn-bound methoxide is present besides the bound sub-
strate. It should be noted that ESI mass spectra of solutions
of complexes 1–4 and N-benzylazetidinone (nba) in metha-
nol show prominent signals for the respective [Zn2(L)-
(OMe)(ClO4)]

+ ions, but there is no evidence for bound
nba. Here the b-lactam derivative is at best loosely bound,
in accordance with the carboxylate being the major anchor-
ing site for pen and ceph, but again a Zn-bound methoxide
is present.
To elucidate the binding mode of b-lactam derivatives

that feature both the b-lactam C=O and a carboxylate group

in the a-position to the lactam-N, the small substrate ana-
logue oxacetidinylacetate (oaa) is more appropriate than
nba.

Solid-state structures of adducts between dinuclear zinc
complexes and oxazetidinylacetate : Since adducts between
complexes 1–4 and antibiotics penicillin G or cephalosporin
(or their cleavage products) could not be obtained in crys-
talline form, we turned to oxazetidinylacetate (oaa) as a
substrate mimic that features the essential structural frag-
ments of penicillin with both the b-lactam amide and the
free carboxylate groups as potential metal-ion binding sites.
Single crystals of complexes [Zn2(L

4)(oaa)](ClO4)2 (5) and
[Zn2(L

3)(oaa)2](H3O)(ClO4)2 (6) were analyzed by X-ray
crystallography, and molecular structures of the cations are
shown in Figures 5 and 6.

Complex 5 represents an adduct of oxazetidinylacetate
with a dinuclear zinc scaffold that is inactive. The carboxyl-
ate group of oaa has completely displaced the O2H3 bridging
unit of the starting complex 4 and is now found in a biden-
tate bridging mode within the bimetallic pocket, while the
b-lactam moiety remains uncoordinated. The zinc ions are
five-coordinate (complex 5 : t=0.86/0.79) and nested within
their respective coordination compartments with a Zn···Zn
distance of 4.184 L. An analogous structure of the [L2]�

complex was obtained, but is not discussed here due to poor
crystal quality.
In contrast to 5, binding of oaa to the most active com-

plex 3 causes de-coordination of some ligand side arms. In
the structurally characterized complex 6, an oaa substrate

Figure 4. ESI MS spectra of 1/penicillin G in MeOH; A) [Zn2(L
1)(OH)-

(ClO4)]
+ ; B) [Zn2(L

1)(pen)(OMe)]+ ; C) [Zn2(L
1)(pen)2(MeOH)2]

+ . The
inset shows the experimental and calculated isotopic distribution for
peak B.

Figure 5. View of the molecular structure of complex 5. In the interest of
clarity, all protons have been omitted. Selected interatomic distances (L)
and angles (8): Zn1�O1 2.014(2), Zn1�N1 2.013(2), Zn1�N3 2.250(2),
Zn1�N4 2.157(2), Zn1�N5 2.141(2), Zn2�O2 2.020(2), Zn2�N2 2.013(2),
Zn2�N6 2.2802, Zn2�N7 2.162(2), Zn2�N8 2.146(2), Zn1···Zn2 4.1842(5),
N1�N2 1.377(3), O1�C30 1.251(3), O2�C30 1.262(3), N9�C34 1.354(4),
O3�C34 1.218(4), N1-Zn1-O1 101.17(8), N1-Zn1-N5 127.60(9), O1-Zn1-
N5 96.95(8), N1-Zn1-N4 105.42(9), O1-Zn1-N4 96.51(8), N5-Zn1-N4
120.82(8), N1-Zn1-N3 79.53(8), O1-Zn1-N3 179.26(8), N5-Zn1-N3
82.40(8), N4-Zn1-N3 83.53(8), N2-Zn2-O2 107.38(8), N2-Zn2-N8
111.01(9), O2-Zn2-N8 97.46(8), N2-Zn2-N7 116.48(9), O2-Zn2-N7
93.43(8), N8-Zn2-N7 125.07(9), N2-Zn2-N6 79.23(8), O2-Zn2-N6
172.67(8), N8-Zn2-N6 82.73(8), N7-Zn2-N6 80.59(8), O1-C30-O2
127.1(2), O3-C34-N9 131.3(3).
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mimic is bound in a semibidentate chelating fashion to each
of the zinc ions with one short (2.006(3) L) and one signifi-
cantly longer (2.358(4) L) Zn�O bond, giving rise to a
{4+1} environment of the metal ions. The pyrazolate re-
mains as the only bridge between the two zinc ions
(d(Zn···Zn)=4.328(1) L), while the nitrogen atoms of the
dangling side arms are probably involved in hydrogen bond-
ing in a N···H···O(H)···H···N motif with a formal H3O

+ ion
included in the crystal lattice (see Figure S3 in the Support-
ing Information). However, none of those hydrogen atoms
could be located. The solid-state structure of complex 6 sug-
gests that facile de-coordination of individual side arm
donors might occur in those systems with longer ligand side
arms, due to the lower stability of the six-membered chelate
rings.[39, 48] This is assumed to also play a major role in the
hydrolytic b-lactam cleavage by complexes 1 and 3 in solu-
tion, as is corroborated by the NMR experiments described
below.
The individual ligand compartments of [L2]� and [L4]� are

reminiscent of tripodal tetradentate ligands tris(pyridylme-
thyl)amine (tpa) or alkylated derivatives of tris(aminoethyl)-
amine (tren), respectively. Dinuclear complexes of ligands
HL2 and HL4 have previously been shown to favor five-co-
ordination of the metal ions, and hence one may anticipate
that all accessible coordination sites in 5 are blocked, that is,
additional binding of further weak ligands (such as solvent
molecules) is not likely. To investigate whether a higher
degree of coordinative unsaturation may induce metal-ion
binding of the b-lactam amide, we used the ligand HL5

which bears fewer chelate side arms. The complex [Zn2(L
5)-

(oaa)(H2O)]2(ClO4)4 (7) could be obtained in crystalline
form, and its molecular structure is shown in Figure 7.

In complex 7, the carboxylate group of oaa again spans
two zinc ions that are preorganized by the pyrazolate-based
dinucleating scaffold (d(Zn1···Zn2)=4.1359(6) L). Due to
the lower denticity of the [L5]� donor compartments, addi-
tional exogeneous ligands must complete the coordination
sphere of zinc. A water molecule is found at Zn2 (and is hy-
drogen bonded to the two perchlorate counteranions, see
Figure S5 in the Supporting Information), while the b-
lactam amide oxygen atom of a second [Zn2(L

5)(oaa)-
(H2O)]

2+ coordinates to Zn1. This gives rise to an overall
tetranuclear array of two {Zn2(L

5)} subunits bridged by the
two difunctional oaa ligands.
Complex 7 represents the first crystallographically charac-

terized example of b-lactam amide oxygen atom coordina-
tion to zinc, and comparison with the structures of com-
plexes 5 and 6 reveals that the amide C�O bond is apprecia-
bly lengthened upon coordination (1.242(4) L in 7 versus
1.218(4) and 1.210(6) L in 5 and 6, respectively), while the
amide C�N bond is concomitantly shortened (1.330(4) L in
7 versus 1.354(4) and 1.346(6) L in 5 and 6, respectively).
This is accompanied by a shift of the b-lactam C=O stretch-
ing frequency from 1735 (free oaa) to 1712 cm�1 in the IR
spectrum of complex 7, indicating marked polarization of
this bond upon coordination. Such polarization is usually
proposed to activate the amide moiety for nucleophilic
attack. Interestingly, the Zn1�O3 separation involving the
b-lactam moiety (d(Zn1�O3)=2.005(2) L) is clearly shorter
than both Zn�Ocarboxylate bonds (d(Zn1�O1)=2.093(3) L,
d(Zn2�O2)=2.060(2) L), suggesting considerable strength
of the Zn�Oamide bond. In methanol, however, the tetranu-

Figure 6. View of the molecular structure of complex 6. In the interest of
clarity, all protons have been omitted. Selected interatomic distances (L)
and angles (8): Zn1�O1 2.006(3), Zn1�O2 2.358(4), Zn1�N1 1.988(4),
Zn1�N2 2.156(4), Zn1�N3 2.032(4), Zn1···Zn1’ 4.328(1), N1�N1’
1.370(7), O1�C15 1.279(6), O2�C15 1.232(6), O3�C19 1.210(6), N5–C19
1.346(6), N1-Zn1-O1 119.8(2), N1-Zn1-N3 125.9(2), O1-Zn1-N3 113.7(2),
N1-Zn1-N2 80.7(1), O1-Zn1-N2 96.3(1), N3-Zn1-N2 101.2(2), N1-Zn1-O2
95.8(1), O1-Zn1-O2 59.5(1), N3-Zn1-O2 104.8(2), N2-Zn1-O2 150.0(1),
O2-C15-O1 121.1(4), O3-C19-N5 131.7(5). Symmetry transformation
used to generate equivalent atoms: (’) 2�x, 3/2�y, z.

Figure 7. View of the molecular structure of complex 7. In the interest of
clarity, all protons have been omitted. Selected interatomic distances (L)
and angles (8): Zn1�O1 2.093(3), Zn1�O3 2.005(2), Zn1�N1 1.989(3)
Zn1�N3 2.232(3), Zn1�N4 2.060(3), Zn2�O2 2.060(2), Zn2�O4 2.031(3),
Zn2�N2 1.984(3), Zn2�N5 2.300(3), Zn2�N6 2.121(3), Zn1···Zn2
4.1359(6), O1�C16 1.248(4), O2�C16 1.254(4), O3�C20 1.242(4), N7�
C20 1.330(4), N1�N2 1.383(4), N1-Zn1-N3 81.6(1), N2-Zn2-N5 79.3(1),
N1-Zn1-N4 115.6(1), N2-Zn2-N6 120.9(1), N1-Zn1-O1 101.7 (1), N2-Zn2-
O2 106.7 (1), N1-Zn1-O3’ 129.0(1), N2-Zn2-O4 120.7(1), N3-Zn1-N4
84.8(1), N5-Zn2-N6 82.6(1), N3-Zn1-O1 175.9(1), N5-Zn2-O2 168.8(1),
N3-Zn1-O3’ 92.1(1), N5-Zn2-O4 95.3 (1), N4-Zn1-O1 91.4(1), N6-Zn2-
O2 86.3(1), N4-Zn1-O3’ 114.1(1), N6-Zn2-O4 116.6(1), O1-Zn1-O3’
87.8(1), O2-Zn2-O4 89.8(1), O1-C16-O2 126.7(3), O3-C20-N7 129.3(3).
Symmetry transformation used to generate equivalent atoms: (’) 3/2�x,
3/2�y, 1�z.
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clear assembly largely dissociates, as is evidenced by the in-
tense IR absorption at 1735 cm�1 characteristic for “free” b-
lactam in solution (a weak shoulder is observed at
1714 cm�1) as well as by the ESI mass spectrum showing a
dominant signal for [Zn2(L

5)(oaa)2]
+ . Similarly, [LZn2-

(oaa)2]
+ and [LZn2(oaa)(ClO4)]

+ are the most prominent
ions in the ESI mass spectra of solutions containing equimo-
lar amounts of oaa and one of the complexes 1–4 in metha-
nol. In the case of 3/oaa and 4/oaa, peaks assigned to
[Zn2(L

3)(oaa)(OH)]+ , [Zn2(L
3)(OH)(ClO4)]

+ or [Zn2(L
4)-

(oaa)(OH)]+ , respectively, are also observed. 13C NMR
spectra of 5·(ClO4)2, 6·(ClO4)2 and 7·(ClO4)2 reveal a slight
downfield-shift of the carboxylate signal from 175.2 ppm
(Na(oaa) in [D4]MeOH) to 176.9 (5, [D4]MeOH), 177.6 (6,
[D4]MeOH), or 177.7 ppm (7, [D6]acetone),

[49] and at most a
minor downfield-shift for the lactamic 13C NMR resonance
from 170.4 ppm to 170.4 (5), 171.5 (6), or 172.5 ppm (7). Ex-
amination of 13C NMR chemical shifts evidently is of limited
value for unambiguously assigning the oaa binding site in
solution.

NMR spectroscopy of the reaction mixtures : In the case of
dinuclear zinc complexes 1 and 2, 1H NMR spectroscopic in-
spection of the pyridyl protons proved informative to reveal
details of substrate binding during the initial stages of peni-
cillin hydrolysis. Figure 8 shows 1H NMR spectra of the free
ligand HL1, of the dinuclear zinc complex 1, and of an equi-
molar mixture of complex 1 and penicillin. The binding of
zinc by HL1 to give complex 1 has a major impact on the
chemical shift of the pyridyl signals, which are strongly shift-
ed to lower field. The effect is most pronounced for the hy-
drogen atoms in the ortho- and para-positions with respect
to the coordinating pyridyl nitrogen atoms.
After mixing equimolar amounts of complex 1 and peni-

cillin G (Figure 8, bottom), a high-field shift of all pyridyl
signals relative to that observed for complex 1 and a distinct
signal broadening is observed, most evidently for the o-H

(shifting from 9.1 to 8.8/8.5 ppm) and for the p-H (from 8.1
to 8.0/7.6 ppm). Since chemical shifts for the 1/penicillin G
mixture are between those for the free ligand HL1 and the
Zn-bound pyridyl groups in complex 1, dynamic processes
may be assumed in which one or more side-arm donors dis-
sociate from the metal ions upon binding of the substrate.
Detachment of some N-donor ligand side arms has previous-
ly been confirmed structurally in several complexes of HL3

(including 6) and may be explained by the much lower sta-
bility of the six-membered chelate rings in 1 and 3 compared
to the five-membered rings in 2 and 4. A favorable conse-
quence of such partial N-donor dissociation is the accessibil-
ity of additional binding sites at the two zinc ions after coor-
dination of the penicillin G carboxylate group within the bi-
metallic pocket. These binding sites are then available, for
example, for the activation of water and generation of a nu-
cleophilic Zn-bound hydroxide. In line with these considera-
tions complexes 1 and 3 are the most active, and a gradual
decrease of the characteristic lactam signals due to hydrolyt-
ic cleavage of the b-lactam ring was observed in the above
1H NMR experiment for 1/penicillin G. In contrast to 1, but
in accordance with the higher stability of five-ring chelates
relative to the six-ring chelates, complex 2 shows only minor
signal broadening and no significant shift of the pyridyl sig-
nals upon mixing with penicillin G (see Figure S6 in the Sup-
porting Information). Dissociation of ligand side arms is
thus unlikely in this system, though some dynamic processes
cannot be fully excluded. Closer inspection of the pyridyl
region for the mixture 2/penicillin G shows several groups of
minor peaks around the main signals for 2. These minor
peaks can be explained by binding of the chiral penicillin to
the dinuclear zinc scaffold, causing the four pyridine rings to
become inequivalent and to give separate signals in the
adduct. Though binding of penicillin to 2 evidently occurs,
no significant hydrolysis is observed over time. One may
conclude that in the substrate-bound complex 2/penicillin
either the substrate is not activated for hydrolysis, or the bi-
metallic pocket and all coordination sites are blocked, simi-
lar to the situation with complex 5, thus preventing nucleo-
philic activation at the metal ions. Lower stability of the six-
membered chelate rings in 1 and 3 is advantageous in the
present systems, since this allows for the binding of the sub-
strate within the bimetallic pocket (presumably through the
bridging carboxylate moiety) and simultaneously provides
accessible sites for nucleophile activation and/or for binding
and polarisation of the b-lactam amide oxygen atom. The
molecular structure of complex 7 bearing a ligand scaffold
with fewer donor sites corroborates these assumptions.

Conclusion

Structure–activity correlations have been deduced for a set
of dinuclear zinc(ii) complexes that mimick certain features
of a natural class of enzymes, dinuclear zinc metallo-b-lacta-
mases. Drastic differences in activity for the hydrolytic
cleavage of penicillin G by the various complexes are ascri-

Figure 8. Aromatic region from the 1H NMR spectra of HL1 (top), com-
plex 1 (middle), and of an equimolar mixture of 1 and penicillin G
(bottom) (500.13 MHz, 300 K, [D6]acetone/D2O 8:1).
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bed to a lack of accessible binding sites after incorporation
of the substrate within the bimetallic pockets of complexes 2
and 4. On the other hand, lower stability of the six-mem-
bered chelate rings in 1 and 3 allows for partial detachment
of ligand side arms and hence for open sites to be available
for nucleophile activation and/or for binding and polarisa-
tion of the b-lactam amide oxygen atom. This interpretation
is in line with structural findings for adducts between several
pyrazolate-based dinuclear zinc scaffolds and the small sub-
strate analogue oxazetidinylacetate (oaa), 5–7. While ligands
[L4]� (in 5) and [L5]� (in 7) differ by the number of donor
sites, in both 5 and 7 the carboxylate group of oaa is nested
within the bimetallic pocket. However, additional binding of
water and of the b-lactam amide oxygen atom is only possi-
ble in complex 7, in which open sites are available. The
solid-state structure of complex 6 as well as NMR evidence
for complex 1 support the idea that the longer side arms in
1 and 3 are hemilabile and can easily detach from the metal
ions to liberate accessible coordination sites, which appa-
rently is a prerequisite for b-lactamase activity.
The molecular structures of complexes 5–7 provide clear

structural confirmation that for b-lactam antibiotics (or re-
lated b-lactam derivatives) binding of zinc to the carboxyl-
ate group is favored over binding to the b-lactam amide
group. However, coordination of the b-lactam amide oxygen
atom may still be induced under suitable circumstances (as
observed in 7) or by proper orientation of the substrate
within the binding pocket, and this leads to significant
changes of the internal geometry of the b-lactam moiety
which are likely to facilitate subsequent hydrolytic ring
cleavage. It is plausible that electrostatics contribute consid-
erably to the preferential binding of an anionic carboxylate
to highly charged dinuclear zinc scaffolds {Zn2(L)}

3+ (such
as in 1–4), but a lower positive charge of the dinuclear zinc
array or involvement of the carboxylate in interactions with
positively charged protein residues or in strong hydrogen
bonding within the enzyme active site may well alter the
binding preference in favor of the neutral b-lactam amide
moiety.

Experimental Section

General procedures and methods : Compounds 1, 2, 3, and 4 were pre-
pared as reported.[36,37] N-benzylazetidinone and sodium oxazetidinylace-
tate (Na(oaa)) were synthesized according to published procedures;[50,51]

analytical data for Na(oaa): 1H NMR (500 MHz, 300 K, [D3]MeOD): d=
3.70 (s, 2H; CH2COO), 3.34 (t, 3JH,H=4.0 Hz, 2H; NCH2CH2CO),
2.88 ppm (t, 3JH,H=4.0 Hz, 2H; NCH2CH2CO);

13C NMR (125 MHz,
300 K, [D3]MeOD): d=175.2 (COO), 170.4 (C(O)N), 46.7 (CH2COO),
40.9 (NCH2CH2CO), 37.3 ppm (NCH2CH2CO); IR (KBr): ñ=1747 (s,
C(O)N), 1723 (s, C(O)N), 1618 (s, COO), 1595 cm�1 (s, COO); IR (in
MeOH): ñ=1735 (s, C(O)N), 1612 cm�1 (s, COO). Solvents were dried
according to established procedures; penicillin G sodium salt and cepha-
lothin were purchased from Sigma; all other chemicals were purchased
from commercial sources and used as-received. Microanalyses were per-
formed by the Analytical Laboratory of the Inorganic Chemistry Institute
of the University of Gçttingen (Germany). IR spectra were obtained on
a Digilab Excalibur spectrometer and recorded either as KBr pellets or
in solution using an Axiom Analytical DPR-210 dipper system. ESI-MS

spectra were obtained by using a Finnigan MAT LCQ and FAB-MS spec-
tra with a Finnigan MAT 8400. NMR spectra were obtained with a
Bruker Avance 500 and were measured at 300 K. The solvent signal was
taken as the chemical shift reference ([D6]acetone dH=2.04 ppm, dC=
29.8 ppm; [D6]DMSO dH=2.49 ppm, dC=39.7 ppm).

Synthesis of [Zn2(L
4)(oaa)](ClO4)2 (5·(ClO4)2): A solution containing the

ligand HL4 (174 mg, 0.33 mmol) in MeOH (75 mL) was treated with one
equivalent of KOtBu (37.3 mg, 0.33 mmol), two equivalents of Zn-
(ClO4)2·6H2O (248 mg, 0.67 mmol), and one equivalent of Na(oaa)
(50.3 mg, 0.33 mmol); the mixture was stirred at room temperature for
4 h. All volatile material was then evaporated under reduced pressure,
the residue was taken up in acetone (50 mL) and filtered, and the solu-
tion was layered with light petroleum to gradually yield colorless crystals
(185 mg, 57%) of the product 5·(ClO4)2.

1H NMR (500 MHz, 300 K,
[D3]MeOD): d=6.10 (s, 1H; CH

pz,4), 4.12 (s, 2H; CH2COO), 4.04 (s, 4H;
pz-CH2), 3.44 (t,

3JH,H=4 Hz, 2H; CH2
oaa), 3.25 (br s, 4H; CH2), 3.08–3.15

(m, 4H; CH2), 2.96 (t,
3JH,H=4 Hz, 2H; CH2

oaa), 2.72–2.93 (m, 20H;
CH2), 2.45 (br s, 4H; CH2) 1.28 (br s, 12H; CH3), 0.96 ppm (br s, 12H;
CH3);

13C NMR (125 MHz, 300 K, [D3]MeOD): d=176.9, 170.41, 155.35,
100.57, 55.04, 53.18, 52.28, 48.12, 42.13, 37.74, 10.32, 8.32 ppm; IR (KBr):
ñ=2977 (m), 2952 (m), 2923 (m), 2879 (m), 1744 (s), 1592 (s), 1463 (m),
1427 (m), 1404 (m), 1320 (m), 1142 (m), 1093 (vs), 912 (w), 797 (w), 738
(w), 692 (w), 623 cm�1 (s); MS (ESI): m/z : 876 (100) [Zn2(L)(oaa)-
(ClO4)]

+ ; elemental analysis calcd (%) for C34H67Cl2N9O11Zn2·H2O
(979.65): C 40.93, H 6.97, N 12.64; found: C 40.66, H 6.66, N 12.35.

Synthesis of [Zn2(L
3)(oaa)2](H3O)(ClO4)2 (6·(H3O)(ClO4)2): A solution

containing the ligand HL3 (165 mg, 0.35 mmol) in MeOH (75 mL) was
treated with one equivalent of KOtBu (39.7 mg, 0.35 mmol), two equiva-
lents of Zn(ClO4)2·6 H2O (263 mg, 0.71 mmol), and one equivalent of oaa
(53.4 mg, 0.35 mmol); the mixture was stirred at room temperature for
4 h. All volatile material was then evaporated under reduced pressure,
the residue was taken up in acetone (50 mL), the mixture was filtered,
and the solution layered with light petroleum to gradually yield colorless
crystals (200 mg, 53%) of 6·(ClO4)2.

1H NMR (500 MHz, 300 K,
[D3]MeOD): d=6.13 (s, 1H; CH

pz,4), 4.05, 4.03, 3.88, 3.46 (t, 3JH,H=4 Hz,
2H; CH2

oaa), 3.00 (t, 3JH,H=4 Hz, 2H; CH2
oaa), 2.81, 2.62, 2.47, 1.92 ppm;

all ligand-based signals were very broad; 13C NMR (125 MHz, 300 K,
[D3]MeOD): d=177.6, 171.5, 153.3, 103.4, 61.7, 58.3, 57.6, 53.1, 52.7, 44.5,
41.7, 37.2, 23.2 ppm; IR (KBr): ñ=3604 (m), 3429 (br), 2963 (m), 2926
(m), 2854 (m), 1735 (s), 1722 (s), 1592 (m), 1480 (m), 1465 (m), 1431 (m),
1390 (m), 1306 (w), 1243 (w), 1182 (w), ~1090 (vs), 1013 (w), 969 (w),
842 (w), 802 (w), 715 (w), 623 (s), 498 cm�1 (w); MS (ESI): m/z : 849 (50)
[Zn2(L)(oaa)2]

+ , 820 (70) [Zn2(L)(oaa)(ClO4)]
+ , 766 (60), 738 (55)

[Zn2(L)(oaa)(OH)]
+ , 709 (65), 467 (100) [H2L]

+ .

Synthesis of [Zn2(L
5)(H2O)(oaa)]2(ClO4)4 (7·(ClO4)4): A solution con-

taining the ligand HL5 (130 mg, 0.44 mmol) in MeOH (75 mL) was treat-
ed with one equivalent of KOtBu (49.2 mg, 0.44 mmol), two equivalents
of Zn(ClO4)2·6H2O (327 mg, 0.88 mmol), and one equivalent of Na(oaa)
(66.3 mg, 0.44 mmol); the mixture was stirred at room temperature for
4 h. All volatile material was then evaporated under reduced pressure,
the residue was taken up in acetone (50 mL), the mixture was filtered,
and the solution layered with light petroleum to gradually yield colorless
crystals (102 mg, 30%) of the product 7·(ClO4)2.

1H NMR (500 MHz,
300 K, [D6]acetone): two discrete species can be observed in solution, as
clearly identified by the CHpz,4 signals: d=6.19 and 6.14 ppm; 13C NMR
(125 MHz, 300 K, [D6]acetone): two sets of ligand-based signals are ob-
served, d=177.7, 172.5, 153.0, 152.9, 101.6, 100.6, 69.2, 57.9, 57.5, 55.9,
55.8, 54.8, 54.5, 48.1, 47.8, 46.8, 46.1, 44.83, 44.77, 42.3, 36.4 ppm; IR
(KBr): ñ=3016 (w), 2968 (w), 2920 (w), 2826 (w), 1712 (s), 1618 (s), 1523
(w), 1460 (m), 1434 (m), 1412 (m), 1359 (w), 1321 (m), 1247 (m), 1222
(m), 1154 (s), 1107 (s), 1055 (s), 963 (m), 934 (w), 806 (m), 695 (w), 623
(m), 503 cm�1 (w); IR (in MeOH): ñ=1735 (m), 1714 (w), 1613 (m), 1429
(s), 1106 (s), 1005 (vs), 877 cm�1 (w); MS (ESI in water): m/z : 679 (100)
[Zn2(L)(oaa)2]

+ , 664 (45), 650 (25) [Zn2(L)(oaa)(ClO4)]
+ , 488 (60)

[Zn(L)(oaa)]+ , 397 (10) [H3L
5(ClO4)]

+ , 297 (25) [H2L
5]+ ; MS (ESI in

MeOH): m/z : 679 (100) [Zn2(L)(oaa)2]
+ , 650 (30) [Zn2(L)(oaa)(ClO4)]

+ ,
610 (40), 596 (62); elemental analysis calcd (%) for C40H78Cl4N14O24Zn4·
H2O (1560.54): C 30.79, H 5.17, N 12.57; found: C 30.61, H 5.11, N 12.39.
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Hydrolysis of penicillin G : IR spectra
were recorded on a Digilab Excalibur
FTIR spectrometer equipped with an
Axiom Analytical DPR-210 dipper
system and an MCT detector. In a
typical experiment a solution of the
b-lactam in 1 mL of the appropriate
solvent mixture (water/DMSO 1:9 (v/
v), DMSO/MeOH 1:1 (v/v)) was
added to a solution containing the
complex at room temperature and
the measurement was started. The in-
itial concentrations of the reaction
mixtures were [complex]0=10.7mm

and [penicillin]0=42.8mm. For quan-
titative evaluation the b-lactam
signal, recorded in absorption mode,
was integrated and converted into
concentration values with the help of
a calibration curve.

Binding of cephalothin (ceph):
13C NMR spectroscopic experiments
at 308 K were carried out for solu-
tions of cephalothin (0.1m) and com-
plex (0.1m) in [D6]DMSO.

13C NMR
for free cephalothin: d=170.4
(C(O)O ester), 169.9 (C(O)N amide),
163.8 (COO), 162.8 (C(O)N lactam),
136.9, 135.1, 126.5, 126.1, 124.8, 111.7,
64.5, 58.5, 57.1, 35.7, 25.1, 20.6 ppm.
13C NMR in the presence of 1·(ClO4)2
(carbonyl region): d=170.1 (C(O)O
ester), 169.9 (C(O)N amide), 166.7
(COO), 164.1 ppm (C(O)N lactam). 13C NMR in the presence of 2·-
(ClO4)2 (carbonyl region): d=171.2 (C(O)O ester), 170.7 (C(O)N
amide), 165.8 (COO), 164.2 ppm (C(O)N lactam).

Binding of oxazetidinylacetate (oaa): ESI mass spectra were collected for
solutions that were ~0.5 mm in both oaa and the respective dinuclear
zinc complex in methanol. Only the most prominent peaks are listed. 1/
oaa: m/z : 929 (95) [Zn2(L

1)(oaa)2]
+ , 900 (100) [Zn2(L

1)(oaa)(ClO4)]
+ ,

846 (45) [Zn2(L
1)(oaa)(HCOO)]+; 2/oaa: m/z : 873 (35) [Zn2(L

2)(oaa)2]
+ ,

844 (100) [Zn2(L
2)(oaa)(ClO4)]

+, 780 (45) [Zn2(L
2)(oaa)2�pyCH3]

+ , 687
(25) [Zn2(L

2)(oaa)2�2(pyCH3)]
+ ; 3/oaa: m/z : 849 (28) [Zn2(L

3)(oaa)2]
+ ,

738 (100) [Zn2(L
3)(oaa)(OH)]+ , 709 (50) [Zn2(L

3)(OH)(ClO4)]
+ ; 4/oaa:

m/z : 905 (85) [Zn2(L
4)(oaa)2]

+ , 876 (80) [Zn2(L
4)(oaa)(ClO4)]

+ , 822
(100) [Zn2(L

4)(oaa)(HCO2)]
+ , 794 (45) [Zn2(L

4)(oaa)(OH)]+ .
1H NMR spectroscopy of the reaction mixtures : A solution containing
the penicillin G sodium salt (12.4 mmol) in 150 mL [D6]acetone and D2O
(30 mL) was added to a solution of the respective complex (12.4 mmol) in
[D6]acetone (500 mL) and D2O (50 mL). 1H NMR spectra were recorded
periodically.

X-ray crystallography : Data for complexes 5, 6 and 7 (Table 1) were col-
lected on a Stoe image plate IPDS II-system (graphite-monochromated
MoKa radiation, l=0.71073 L) at �140 8C. The structures were solved by
direct methods with the SHELXS-97 and refined with the SHELXL-97
programs.[52] The non-hydrogen atoms were refined anisotropically,
except those in disordered parts. Hydrogen atoms attached to carbon
atoms were refined with a fixed isotropic displacement parameter of
0.08 L2. The positional and isotropic thermal parameters of the hydrogen
atoms attached to O4 in 7·(ClO4)4·C3H6O were refined without con-
straints. Four oxygen atoms of two ClO4

� moieties in 5·(ClO4)2 are disor-
dered about two positions (occupancy factors: 0.572(11)/0.428(11) and
0.601(11)/0.399(11)) as well as one �NMe2 group (N4, C13, C14) in 6·-
(ClO4)2·H3O (occupancy factors: 0.556(14)/0.444(14)). Additionally the
two ClO4

� in 6·(ClO4)2·H3O are disordered about special positions and
the occupancy factors were fixed at 0.5. Face-indexed absorption correc-
tions were performed numerically with the program X-RED.[53] CCDC-
256860 (5·(ClO4)2), CCDC-256861 (6·(ClO4)2·H3O), and CCDC-256862

(7·(ClO4)4·C3H6O) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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