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Abstract: From the study of highly pre-
organized model systems, experimental
support has been obtained for a possi-
ble functional role of the Zn-—
(H)O-+-HO(H)-Zn motif in oligozinc
hydrolases. The mechanistic relevance
of such an array, which may be de-
scribed as a hydrated form of a
pseudo-terminal Zn-bound hydroxide,
has recently been supported by DFT
calculations on various metallohydro-
lase active sites. In the present targeted
approach, the Zn--Zn distance in two

the solid state. Zn-bound water has
been found to exhibit comparable acid-
ity irrespective of whether the resulting
hydroxide is supported by strong hy-
drogen-bonding in the O,H; moiety or
is in a bridging position between two
zinc ions, indicating that water does
not necessarily have to adopt a bridg-
ing position in order for its pK, to be
sufficiently lowered so as to provide a
Zn-bound hydroxide at physiological
pH. Comparative reactivity studies on
the cleavage of bis(4-nitrophenyl)phos-

phate (BNPP) mediated by the two
dizinc complexes have revealed that
the system with the larger Zn-+Zn sep-
aration is hydrolytically more potent,
both in the hydrolysis and the transes-
terification of BNPP. The extent of
active site inhibition by the reaction
products has also been found to be
governed by the Zn--Zn distance, since
phosphate diester coordination in a
bridging mode within the clamp of two
zinc ions is only favored for Zn--Zn
distances well above 4 A. Different

related dizinc complexes has been con-
trolled through the use of multifunc-
tional pyrazolate-based ligand scaf-
folds, giving either a tightly bridged
Zn-O(H)-Zn or a more loosely bridg-
ed Zn-(H)O--HO(H)-Zn species in

models -
complexes
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binding affinities are rationalized in
terms of the structural characteristics
of the product-inhibited complexes for
the two different ligand scaffolds, with
dimethyl phosphate found as a bridging
ligand within the bimetallic pocket.

phosphatase

Introduction

Various hydrolytic enzymes that mediate the cleavage of
amides, phosphates, 3-lactams, and other biologically impor-
tant substrates are known to contain one or more zinc ions
within their active sites.') Although different and specific
mechanisms are probably involved for individual metallohy-
drolases, the metal is believed to play some general roles, in-
cluding the generation of a strongly nucleophilic hydroxide
group at physiological pH by lowering the pK, of water, the
activation and orientation of the substrate through metal co-
ordination, as well as the stabilization of intermediates and
of the oxyanion leaving group.”* Zinc appears to be the
metal ion of choice for this purpose, since it is a strong
Lewis acid capable of undergoing rapid ligand exchange and
has a flat coordinational hypersurface, and it is free from
any undesired redox activity.”! Prominent examples that in-
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corporate two proximal zinc ions include some metallo-f3-
lactamases,® several aminopeptidases,”’ phosphotriester-
ase,® and alkaline phosphatase.”’! Similarly, human phospho-
diesterase features two divalent metal ions, at least one of
which is zinc (the second probably being magnesium).l!!
The active sites of phospholipase C and nuclease P1 even
contain a third zinc close to the principal dinuclear unit.'

Besides structural and kinetic work on the natural systems
themselves, synthetic analogues—that is, small molecules
that resemble the active sites of the enzymes—have contrib-
uted considerably to our understanding of basic functional
principles and mechanistic aspects of enzyme action.>!¥
Despite extensive investigations, however, details of the
mechanism of action of dizinc and other metallohydrolases
remain controversial. One crucial aspect under debate is the
identity and the exact binding mode of the nucleophile.!>'!
A hydroxide (or water) spanning two zinc ions has been de-
tected crystallographically in the resting state of many of
the hydrolases mentioned above and is often considered as
the active nucleophile."'! Computational evidence for a
catalytic bridging hydroxide in a phosphodiesterase site has
also been reported.’™ On the other hand, one might suspect
such a hydroxide sandwiched between two metal ions to ex-
hibit rather low nucleophilicity if coordinated in a tightly
bridging form. It has thus been suggested that upon sub-
strate binding a shift of the bridging hydroxide to a more
active terminal position occurs prior to attack on the coordi-
nated substrate.'®! Similar considerations also apply to other
metallohydrolases, such as the dinickel enzyme urease.!*"]

A particular way of activating the bridging hydroxide nu-
cleophile is triggered by water and proceeds through the in-
sertion of a water molecule into the Zn—-O(H)-Zn unit to
generate a Zn—-(H)OHO(H)-Zn species. The latter bimetal-
lic arrangement with a bridging O,H;” group can be de-
scribed as a combination of a Zn—-OH, function with a Zn—
OH function, and hence as a hydrated form of an active ter-
minal Zn—-OH. Such an O,H;” moiety has been observed
both as an intermolecular and as an intramolecular bridge in
zinc model complexes® 2 and has been suggested as a new
structural and possibly also functional motif in oligozinc
enzyme chemistry.?!! Its functional relevance is also support-
ed by recent DFT calculations concerning the mode of
action of dizinc p-lactamase from Bacteroides fragilis® and
of bovine lens leucine aminopeptidase.”

An evaluation of the hydrolytic activity of a Zn-
(H)OHO(H)-Zn species in synthetic model chemistry is
thus highly desirable. This requires a ligand scaffold that
allows control of the metal-metal separation in preorgan-
ized dinuclear complexes and that imposes a Zn--Zn dis-
tance that is too large for a tightly bridged Zn-O(H)-Zn
motif but that favors Zn-(H)OHO(H)-Zn. We have previ-
ously introduced compartmental pyrazolate-based ligands as
suitable ligands in this regard, since the accessible range of
metal-metal distances in their complexes can be determined
by the length of the chelating side arms attached to the cen-
tral heterocycle.”™%2 As an additional advantage, the pyr-
azolate is a reasonable compromise for mimicking carboxy-
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late bridges that are widely found in nature but that are dif-
ficult to incorporate into a polydentate compartmental
ligand framework: just like a bridging carboxylate group,
the pyrazolate provides a single negative charge, and it sup-
ports a similar range of metal-metal distances.”™ The con-
cept is demonstrated by complexes 1 and 2; here, in the

_|2+ —|2+

NMe,  Me,N NEt, N
Ay =) (=R

N N
~zn ~ /Zn ( Zn n/
/o To" N\ \
N H N N Q‘ ‘Ho
Me, Me, Et,
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latter case, the shorter side arms restrain the two metal cen-
ters, preventing them from coming close together, hence im-
posing a larger Zn-Zn distance.”? This prevents bridging
by a small hydroxide ion and favors the incorporation of an
additional water molecule. A marked difference in the reac-
tivities of these distinct hydroxide binding modes was indi-
cated by the observation that 2 gradually absorbs aerial CO,
to give a carbonate-bridged complex, while 1 does not.?

A detailed study of the hydrolytic cleavage of bis(4-nitro-
phenyl)phosphate (BNPP) mediated by these and related
dizinc complexes has revealed valuable structure—activity
correlations for binuclear zinc(i) model phosphatases and
has allowed us to assess some structural requirements for
hydrolytic activity.® A direct functional comparison of the
Zn—-O(H)-Zn unit in 1 and the Zn—-(H)OHO(H)-Zn unit in
2, however, was hampered by the low stability of the former
complex in aqueous media. Solution studies have shown
that the pyrazolate ligand with long side arms (forming six-
membered chelate rings in 1) has rather weak Zn?*-binding
capabilities and does not stabilize dinuclear species under
typical aqueous reaction conditions.” In this study, we now
report two new dizinc complexes of related pyrazolate-
based ligand systems that bear pendant pyridyl side arms
and that feature very similar metal coordination spheres.
These complexes exhibit much higher stability and thus
enable comparative reactivity studies and experimental as-
sessment of hydrolytic activity as a function of Zn---Zn sepa-
ration.

Structural characterization of the complexes: Two pyrazo-
late-based dinucleating ligands L' and L? differing in the
length of the pyridyl side arms,*” have been employed in
the present work (Scheme 1).

Dinuclear zinc(11) complexes of both ligands could be iso-
lated and fully characterized (Scheme 1), including by solid-
state X-ray crystal structure determinations (Figure 1 and
Figure 2). In both cases, the zinc ions reside within the adja-
cent ligand compartments and are bridged by the pyrazolate,
as anticipated. As in related pyrazolate systems bearing ali-
phatic side arms, the length of the ligand side arms deter-
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Scheme 1. Ligands®! and their dizinc complexes used in the present
work; Zn-O(H)O-Zn versus Zn—(H)OHO(H)-Zn bridging units.*

Figure 1. Molecular structure of 3 (all protons except H1 were omitted
for clarity). Selected interatomic distances [A] and angles [°] (values for
the second independent molecule in square brackets): Zn1-O1 2.013(2)
[2.020(2)], Zn1-N1 1.956(2) [1.965(2)], Znl-N3 2.535(2) [2.522(2)],
Znl-N4 2.072(3) [2.073(2)], Znl-N5 2.047(2) [2.038(2)], Zn2—O1

2.059(2) [2.045(2)], Zn2-N2 1.961(2) [1.966(2)], Zn2-N6 2.427(2)
[2.453(2)], Zn2—N7 2.072(2) [2.080(2)], Zn2-N8 2.054(2) [2.0572], N1—
N2 1367(3) [1.361(3)], Znl-Zn2 3.479(1) [3.465(1)]; N1-Znl-O1
8837(9) [8835(9)], N1-Znl-N5 130.86(9) [134.31(9)], O1-Znl-N5
103.74(8) [103.91(9)], N1-Znl-N4 116.55(9) [112.75(9)], O1-Zn1-N4
101.44(9) [99.62(8)], N5-Znl-N4 107.47(9) [108.31(9)], N1-Zn1-N3
72.46(8) [72.55(8)], O1-Zn1-N3 160.68(8) [160.67(8)], N5-Zn1-N3

87.67(8) [87.98(9)], N4-Zn1-N3 89.60(9) [90.78(8)], N2-Zn2-N8 129.33(9)

[126.88(9)], N2-Zn2-O1 86.59(8) [87.24(9)], N8-Zn2-O1 101.06(8)
[99.58(9)], N2-Zn2-N7 116.64(9) [120.16(9)], N8-Zn2-N7 111.98(9)
[110.81(8)], O1-Zn2-N7 97.11(8) [98.59(8)], N2-Zn2-N6 74.67(8)
[7436(9)], N8-Zn2-N6 91.70(8) [92.25(9)], O1-Zn2-N6 161.24(8)
[161.58(8)], N7-Zn2-N6 90.67(8) [90.23(8)], Znl-O1-Zn2 117.41(10)
[116.93(11)].

mines the metal-metal separation of the dinuclear arrange-
ment.?>?**! In [Zn,L'H_(OH)]** (3), the zinc ions may
come rather close together (d(Zn--Zn) = 3.479(1)/
3.465(1) A; two independent molecules per unit cell), there-
by allowing a hydroxide coligand to adopt a bridging posi-
tion within the bimetallic pocket (Figure 1). The coordina-
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Figure 2. Molecular structure of 4 (all protons except those of the
O,H,Me bridge were omitted for clarity). Selected interatomic distances
[A] and angles [°]: Zn1—O1 1.950(3), Zn1-N1 2.023(3), Zn1-N3 2.307(3),
Zn1—-N4 2.092(3), Zn1—-NS5 2.075(3), Zn2—02 1.950(3), Zn2—N2 2.008(3),
Zn2—-N6 2.305(3), Zn2—N7 2.066(3), Zn2—N8 2.076(3), N1-N2 1.376(4),
Znl--Zn2 4.1518(6), O1--02 2.415(4); O1-Zn1-N1 109.46(13), O1-Znl-
N3 173.47(12), O1-Zn1-N4 102.97(13), O1-Zn1-N5 97.86(13), N1-Zn1-N3
76.52(12), N1-Znl-N4 115.29(13), N1-Znl-N5 111.65(12), N3-Znl-N4
76.08(12), N3-Znl-N5 77.14(12), N4-Znl-N5 117.38(13), O2-Zn2-N2
107.82(12), O2-Zn2-N6 173.81(12), O2-Zn2-N7 101.23(13), O2-Zn2-N8
98.92(13), N2-Zn2-N6 78.30(12), N2-Zn2-N7 109.50(13), N2-Zn2-N8
116.14(12), N6-Zn2-N7 77.07(12), N6-Zn2-N8 77.16(12), N7-Zn2-N8
120.61(13).

tion geometry of the metal centers is then intermediate be-
tween trigonal bipyramidal and square pyramidal (r =
0.44-0.58), in accordance with the coordinational flexibility
of zinc. In contrast, the shorter ligand side arms in 4 restrain
the two zinc ions, preventing them from coming close to-
gether, thereby imposing much longer Zn--Zn distances.
This prevents the small hydroxide from spanning the two
metal ions and induces incorporation of an additional meth-
anol solvent molecule to give an O,H,Me bridging unit
(Figure 2). The metal ions in 4 are separated by more than
41A (d(ZnZn) = 4.152(1) A) and are found in roughly
trigonal-bipyramidal coordination environments (v = 0.93/
0.89). The intermetallic distances in 3 and 4 fall well within
the range typically encountered for dinuclear zinc sites in
natural hydrolases and discussed for possible intermediates
in the catalytic cycles (e.g., P1 nuclease: d(Znl--Zn2) =
32 A and d(Zn2--Zn3) = 4.7 A;" alkaline phosphatase: d-
(Zn-Zn) = 4.0 APY), The O1--02 distance of 2.415(4) A in
4 is indicative of a strong intramolecular hydrogen bond. It
is likely that the O,H,Me bridging unit readily exchanges in
solution, being replaced by an O,H; bridge in the presence
of excess water. Facile extrusion of the additional solvent
molecule has been corroborated by ESI mass spectrometry
of methanolic solutions of 4, which showed signals for both
[Zn,L*H_;(OMe)(ClO,)]* and [Zn,L?H_;(OH)(ClO,)]* ions
containing a simple OMe or OH bridge, respectively. Rapid
exchange of the methanol and water ligands in the O,H,Me
and O,H; bridges (with k., >10°s™") had been confirmed
earlier by stopped-flow studies on dinickel() complexes
based on the aliphatic ligand systems.*? Some ligand ex-
change also appears to be possible in the case of a bridging
hydroxide, since the ESI mass spectrum of methanolic solu-
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tions of 3 features a signal attributable to [Zn,L?H_;(OMe)-
(ClO,)]* (15% intensity) besides the major peak due to the
parent [Zn,L?H_,(OH)(ClO,)]* (100 % intensity).

Species in solution: Artificial metallohydrolase activity is
preferentially studied in buffered aqueous solutions (or in
media with high water content) to most closely mimic bio-
logical conditions. Hence, knowledge of the species distribu-
tion in solution is crucial for understanding any trends in hy-
drolytic reactivity. Potentiometric titrations were performed
to determine the pK, values of the ligands (Table 1) as well
as the stability constants of their zinc complexes and the
pK, values of zinc-bound water molecules in these com-
plexes (Table 2).

Table 1. Protonation constants of the ligands at 25°C; I = 0.2m (KCI).!

Species L L2
Igp pK, Igf pK,
[LH,]** 26.4(1) 1.98
[LHs* 24.42(6) 2.88 - -
[LH,** 21.54(4) 3.61 19.18(1) 3.45
[LH,P** 17.93(4) 421 15.73(1) 412
[LH,** 13.72(2) 6.12 11.61(1) 5.35
[LH]* 7.60(2) 7.60 6.26(1) 6.26
[

a] Standard deviations of the values determined in this work are given in
parentheses.

Table 2. Zinc complex stability constants at 25°C; I = 0.2m (KCI).1!

Species L L?

Igf pK, Igf PKa
[ZnLH,** 16.33(4) - 19.18(5) 3.44
[ZnLHJ* - - 15.74(5) -
(Zn,L]** 10.00(4) 527 17.26(6) 436
(Zn,LH_,J'* 473(3) 7.96 12.90(9) 7.60
(Zn,LH_,P* ~3.23(5) - 5.3(1) -
[

a] Standard deviations of the values determined in this work are given in
parentheses.

Ligand protonation constants: The titrations were per-
formed starting at acidic pH, using a potassium hydroxide
solution as the titrant. The deprotonation steps could be de-
rived from the titration curves. In the case of L', six depro-
tonation steps, three per side arm, could be found in the ac-
cessible pH range from 2 to 9.5. Although it is usually possi-
ble to extend pH potentiometric measurements up to a pH
of around 11.5, in the present case the very low solubility of
the neutral form of the free ligand prevents access to the
whole pH range.

In the case of L?, only four deprotonation steps could be
clearly derived from the potentiometric results. These corre-
spond to the removal of two protons per bis(pyridylmethyl)-
amine side arm. Most probably, L? can only take up two
protons in each side arm in the accessible pH range because
of the smaller separation of the protonation sites compared
to L'. A comparison of the pK, values of L with those of
the parent bis(pyridylmethyl)amine is instructive. The latter
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has been reported to undergo three successive protonations
with pK, = 7.28, 2.60, and 1.13.53 Compared to the corre-
sponding pyrazole ligands bearing side arms with aliphatic
amine groups,?” the overall pK, values for L' and L? are sig-
nificantly lower due to the lower basicity of the pyridyl
rings.

Species distribution of zinc complexes: Titrations of the re-
spective ligands in the presence of various equivalents of
Zn** were analyzed in batch calculations in which all titra-
tion curves were simultaneously fitted with one model
(Figure 3 and Figure 4). Evaluation of the titration curves

ZnLH ]

% of total concentration

Figure 3. Species distribution and pH/rate profile for BNPP hydrolysis
promoted by 3; [3], = 0.8 mm, [BNPP], = 2mm, in DMSO/buffered
H,0 (1:1).

100

80.

604

40

204

% of total concentration

Figure 4. Species distribution and pH/rate profile for BNPP hydrolysis
promoted by 4; [4], = 0.8 mm, [BNPP], = 2 mwMm, in DMSO/buffered
H,O (1:1).

shows that the Zn**-binding capabilities of L' are signifi-
cantly lower than those of L?, which is as expected due to
the preference for five-membered chelate rings. In the case
of L', free Zn>* ions are present up to ~pH 7, but the mon-
onuclear species [ZnL'H,]** starts to form at around pH 3
and dinuclear species exist above pH4 (Figure3). In
[Zn,L']**, the two zinc ions presumably interact with the
two bis(pyridylmethyl)amine side arms, while the central
pyrazole remains uncoordinated. [Zn,L'H_;]** is the domi-
nant species at around pH 6-7 and most probably is a pyra-
zolate-bridged complex, the calculated pK, value of which
(7.96) represents the pK, of metal-bound water to give a hy-
droxide function in [Zn,L'H_,]**. The stoichiometry of the
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latter is thus better described as [Zn,L'H_;(OH)]**, and its
structure should correspond to the cation of 3 characterized
by X-ray crystallography. The pK, of 7.96 for [Zn,L'H_,J>*
is lower than that of [Zn(H,O)]** (8.96)¥ and lower than
most pK, values of zinc-bound water in five-coordinate
mononuclear zinc complexes with tetradentate tripodal li-
gands, which can be ascribed to the bridging position of the
water (and the resulting hydroxide) between two zinc ions.
It should be noted, however, that a pK, of 7.96 is still rela-
tively high for bridging water in dinuclear zinc(1) complexes,
since this is often found to give rise to pK, values well
below 8. On the other hand, the value of 7.96 for
[Zn,L'H_,]>* compares well with the pK, values of 8.04 and
8.15 determined for coordinated water in the dizinc com-
plexes of some related pyrazolate ligands bearing triazacy-
clononane side arms, for which a bridging hydroxide has
also been detected crystallographically."!

The titration curves for the L*Zn?* system allowed the
calculation of stability constants for the mononuclear species
[ZnL’H,]** and [ZnL*H]** as well as the dinuclear species
[Zn,L2**, [Zn,L?H_]**, and [Zn,L*H_,]** over the entire
pH range from 2 to 10 (Figure 4). Both mono- and dinuclear
species already exist at pH 2, and free Zn*" is absent above
pH 4. [Zn,L*]** is the dominant species at around pH 3.5
and can be sequentially deprotonated to give the pyrazo-
late-bridged complexes [Zn,L*H_;J’* and [Zn,L’H_,J**,
where the latter should correspond to complex 4 character-
ized in the solid state by X-ray crystallography. The pK, of
7.60 for [Zn,L?H_,]** thus represents the pK, of the zinc-
bound water. The pK, of the related mononuclear system
[ZnL(OH,)P’* (L = tris(pyridylmethyl)amine) is 8.03,°¢
clearly indicating a certain increase in acidity due to the di-
nuclear arrangement. It is interesting to note that involve-
ment of the resulting hydroxide in strong hydrogen bonding
(such as in the O,H; bridge) can be as effective as incorpo-
ration in a bridging position between two zinc ions in de-
creasing the pK, of Zn-bound water into the region of 7-8.
This confirms the results obtained for the corresponding pyr-
azole systems with aliphatic N-donor side arms, in the case
of which very similar values of pK, = 7.57 and pK, = 8.04/
8.15 have been reported for the formation of O,H;-bridged
2 and of dizinc complexes featuring a Zn-O(H)-Zn bridge
in the solid state, respectively.”! These findings once more
make the O,H; unit an attractive structural and possibly
functional motif in oligozinc enzyme chemistry.*"-??

It should be conceded at this point that the exact identity
of the species in solution, that is, the presence of either a
Zn-O(H)-Zn or a Zn—(H)O--HO(H)-Zn motif, cannot be
deduced from the titration studies and thus has not been un-
equivocally established. Molecular models and previous
work have clearly shown that a small hydroxide bridge is
disfavored in bimetallic complexes of L? (and in related
complexes such as 2) due to geometric constraints imposed
by the ligand scaffold.”>2%23%321 Hence, it appears most
likely that the Zn—(H)O--HO(H)-Zn moiety observed for 4
in the solid state is retained in solution. Furthermore, UV/
Vis monitoring of a methanolic solution of the putative
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MeO---HOMe-bridged species of a related dinickel(1) com-
plex in the course of titration with water gave two consecu-
tive isosbestic points, thus indicating the consecutive ex-
change of two molecules of MeOH of the bridging unit by
water molecules, which cannot be explained by the presence
of a single OMe or OH bridge.” In view of the similar pK,
values for [Zn,L'H_,** and [Zn,L’H_,J**, however, an
equilibrium between the OH-bridged form (observed in the
solid state) and an O,H;-bridged species cannot be entirely
ruled out for aqueous solutions of 3.

Phosphate diester hydrolysis: Sodium bis(4-nitrophenyl)-
phosphate (NaBNPP) was used as a substrate in this study.
Cleavage of its phosphate ester bond and liberation of 4-ni-
trophenolate can be easily monitored by the strong absorp-
tion of the latter at 414 nm. The advantages and disadvan-
tages of using the BNPP model substrate have been dis-
cussed in detail previously.”” In order to exclude any effects
from different (and potentially coordinating) counteranions
in the comparative reactivity studies, the perchlorate salts
were used for both complexes 3 and 4.

An initial screening of the hydrolytic activities of the vari-
ous complexes was carried out at pH 8.28 in DMSO/buf-
fered water (1:1) at 50°C. While complex 4 was used for the
kinetic studies, the MeOH of the O,H,Me bridge will rapid-
ly exchange with water in this solvent mixture to give the
corresponding O,H; species in solution. The kinetic data
show that the rate of hydrolysis of BNPP is linearly depend-
ent on the complex concentration (Figure 5), in agreement
with dinuclear active species in both cases. It is evident,
however, that the pseudo-first-order rate constants k, (de-
fined by v, = kg complex],) differ considerably, with k.,
= (2.64+0.1)x1077 for 3 as opposed to (8.540.1)x10~" for
4 (Table 3). Apparently, under these conditions, the dizinc
array in 4 is hydrolytically more potent than that in 3. The
pH dependence of the initial rate was then measured and
compared with the species distributions in order to identify
the reactive species. For both 3 and 4, plots of k., versus
pH gave curves that were roughly coincident with the for-
mation of the respective [Zn,LH_,]** complexes (Figure 3
and Figure 4), clearly indicating that [Zn,LH_,]** must be
the active species and that a Zn-bound hydroxide is required

_\
n»

Ind
'l

v,/10°mol L' s™

o
i

0.0 T T T
0.0 0.4 0.8 1.2 1.6

[complex], / mm

Figure 5. Initial rate versus complex concentration for BNPP hydrolysis
promoted by 3 (a) and 4 (m); [BNPP], = 2mwm, at 50°C, pH 8.28, in
DMSO/HEPES buffer (1:1).
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Table 3. Kinetic data for BNPP hydrolysis promoted by zinc(11) complexes at 50°C and pH 8.28 in DMSO/buffered water (1:1).

Complex Kops [s7]1 ke [s7] Ky [mMm] Ko [M's71] pK, of Zn-bound water
3 (2.6+0.1)x 107 (4.9+0.4)x 10° 51+5 (1.6+0.1) x 10~* 7.96
4 (8.5+0.1)x 10”7 (2.3+0.1)x 10~ 5644 (4.6+0.1)x 10~ 7.60

[a] Experimental conditions as given in Figure 5.

for hydrolytic activity (in the case of 3, a decrease in activity
between pH 8.3 and 8.6 is due to a buffer change from
HEPES to CHES; the CHES buffer obviously interacts with
this complex in a disruptive manner; see also the ESI mass
spectrometric results described below).

The dependence of the initial rate of hydrolysis on sub-
strate concentration (Figure 6) shows that the reaction is
first order in BNPP only at low concentrations; a decrease

1.2,

o
el

o
b

v,/10°mol L's™

0.0 T )
0.00 0.01 0.02

[BNPP], / M

Figure 6. Effect of BNPP concentration on the initial rate of its hydrolysis
mediated by 3 (a) and 4 (m); [complex], = 0.2 mm, 50°C, pH 8.28, in
DMSO/HEPES buffer (1:1).
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Figure 7. Time course of hydrolytic conversion of BNPP by 3 (A) and 4
(w) as monitored by *'P NMR spectroscopy; pH 8.28, at 50°C, in DMSO/
buffered H,O (1:1).

in the reaction rate at higher substrate concentration indi-
cates saturation behavior. This can be explained in terms of
a substrate-binding pre-equilibrium according to Equa-
tion (1), which is reminiscent of the Michaelis—-Menten be-
havior typical of native metalloenzymes. Kinetic data have
been modeled according to the rate law given in Equa-
tion (2), to yield values for K\, and k,,, as listed in Table 3.
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ky
complex + BNPP—={complex-BNPP}X=,products (1)

kg

ke [complex],[BNPP], @)
Yo = 7Ky + [BNPP],

where KM = M
k,
The substrate binding constants K = ki/k_;, = 1/Ky of

19.6+£2.1m" (for 3) and 17.9413m' (for 4) are quite
lowP®! (in accordance with earlier observations that BNPP is
a weak ligand),?*>*! but are nearly identical for the two
systems. In contrast, the k. values differ by a factor of
almost five, clearly indicating that the difference in hydrolyt-
ic efficiency between 3 and 4 is not due to different sub-
strate affinities, but to an intrinsically higher reactivity of
the dizinc array in the latter system.

The second-order rate constants (ky,; [Eq. (3)]) for the
two systems are included in Table 3. It has been assumed
that [Zn,L'H_,]** and [Zn,L>H_,]** are the only active spe-
cies (i.e., ky, has been obtained by dividing the apparent
second-order rate constant by the percentage factor deduced
from the species distribution at the relevant pH).

Vo = kiim[Zn,LH_,] - [BNPP], 3)

In order to determine whether the complexes act as cata-
lysts for the cleavage of BNPP, reactions in the presence of
ten equivalents of the substrate were followed by *'P NMR
spectroscopy. Figure 7 shows a gradually decreasing reaction
rate and a turnover that levels off when approaching conver-
sion of one equivalent of the substrate (after 653 h,
1.0 equivalent of BNPP is hydrolyzed by 3; data not shown
in Figure 7). The non-catalytic behavior of 3 and 4 indicates
efficient inhibition of the active site by the product, where
each molecule of 4-nitrophenyl phosphate (NPP) formed
upon cleavage of BNPP apparently blocks the dizinc binding
pocket. No further hydrolysis of NPP to give free phosphate
could be detected by *'P NMR spectroscopy.

Binding of phosphate diesters: ESI mass spectrometry pro-
vided an insight into substrate binding and conversion by 3
and 4, as well as corroborating evidence for active site inhib-
ition by the reaction products. ESI experiments were carried
out on mixtures of the respective complex (3 or 4) and
BNPP in pure water or in HEPES buffered solutions. After
144 h at 45°C, the dominant peak in the spectra of the 4/
BNPP system was that due to [Zn,L*H_;(NPP)]", in agree-
ment with the findings presented in Figure 7: the reaction
had proceeded to almost stoichiometric turnover in this
time, and active site inhibition by the formed NPP had oc-
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curred. For 3/BNPP, the intensity of the signal correspond-
ing to [Zn,L'"H_,(NPP)]* was seen to be rather low after
144 h. The reaction was incomplete (Figure 7), and a series
of zinc-bound BNPP species and still unreacted
[Zn,L'H_;(OH)(CIO,)]* could be observed. For both sys-
tems, ESI mass spectra of the reaction mixtures in HEPES
buffered solutions showed additional peaks corresponding
to [Zn,LH_,(HEPES)|" and [Zn,LH_,(HEPES)(CIO,)]*.
However, these peaks were distinctly more intense for 3
than for 4, thus suggesting a stronger buffer—complex inter-
action in the former case. This is in accordance with the ob-
servation of a more pronounced buffer effect on the pH-de-
pendent hydrolytic rate for 3 (compare Figure3 and
Figure 4).

Methanolic solutions of NaBNPP and the respective com-
plex (3 or 4) exhibited not only peaks due to the [Zn,LH_;-
(OMe)(ClO,)]* or [Zn,LH_,;(OH)(ClO,)]* starting material
(devoid of one of the perchlorate counterions), but also sig-
nals due to species with bound BNPP such as [Zn,LH_;-
(BNPP)(CIO,)]* or [Zn,LH_,(BNPP),]*. Interestingly, ad-
ditional dominant peaks are observed for complexes incor-
porating methyl(4-nitrophenyl) phosphate (MNPP) or di-
methyl phosphate (DMP), indicative of the occurrence of
transesterification of the BNPP substrate in methanol so-
lution. This has been investigated in more detail by *'P
NMR spectroscopy, as is described below.

ESI mass spectrometry of mixtures of DMP and 3 or 4 in
methanol solution confirmed much stronger binding of
DMP compared to BNPP. Predominant formation of species
with one or two associated DMP ligands was observed,
while no species that retained an OMe (or OH) group could
be detected. In order to elucidate the binding mode of the
hydrolytically inert DMP, the complexes [Zn,L'H_;(DMP)]-
(ClOy), (5-(ClO,),) and [Zn,L’H_;(DMP)](CIO,), (6-
(ClO,),) were synthesized independently and characterized
by X-ray crystallography (Figure 8 and Figure 9, respective-
ly).

In both cases, the OH or O,H,Me units have been re-
placed and the (MeO),PO," is coordinated in a bidentate
bridging mode within the bimetallic pocket of the
{Zn,LH_,} scaffold. These structures are reminiscent of the
dizinc active sites with bound substrate molecules proposed
for many metallophosphodiesterases. Despite the different
ligand side arms, metal-metal separations in 5§ and 6 are
quite similar (d(Znl--Zn2) = 4.402(1) and 4.212(1) A, re-
spectively), which corroborates the strong tendency of phos-
phate diesters to coordinate in an O,0’-bridging mode.
Since the ligand framework L' is designed to support shorter
M---M distances, however, this results in severe distortion of
its bimetallic framework. While 6 exhibits a rather relaxed
binding situation with both zinc ions roughly within the
plane of the pyrazolate and an almost planar Zn(u-NN)(p-
OPO)Zn central array, the two zinc ions in 5 are pushed
apart by the bridging phosphate and are severely displaced
out of the plane of the pyrazolate heterocycle (by 0.567/
0.794 A). Tight fixation of phosphates that bind more
strongly than BNPP (such as the product of BNPP hydroly-
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Figure 8. Molecular structure of 5 (all hydrogen atoms were omitted for
clarity). Selected interatomic distances [A] and angles [°]: Znl—O1
2.039(2), Zn1—-N1 2.018(2), Zn1—N3 2.290(3), Zn1—N4 2.091(3), Zn1-N5
2.106(3), Zn2—02 1.983(2), Zn2—N2 2.091(2), Zn2—N6 2.181(2), Zn2—N7
2.157(3), Zn2—N8 2.054(3), N1-N2 1.382(3), Zn1--Zn2 4.402(1); N1-Zn1-
O1 98.21(9), N1-Zn1-N4 115.53(10), O1-Zn1-N4 90.87(10), N1-Znl-N5
134.13(9), O1-Znl-N5 88.13(10), N4-Znl-N5 109.70(9), N1-Znl-N3
80.70(9), O1-Znl-N3 176.05(10), N4-Znl-N3 93.02(10), N5-Znl-N3
89.93(10), O2-Zn2-N8 99.64(10), 0O2-Zn2-N2 99.59(9), N8-Zn2-N2
103.20(10), O2-Zn2-N7 82.87(9), N8-Zn2-N7 100.33(10), N2-Zn2-N7
155.53(9), 02-Zn2-N6 160.13(10), N8-Zn2-N6 99.28(10), N2-Zn2-N6
81.91(9), N7-Zn2-N6 87.81(9), O1-P1-O02 116.39(15), O1-P1-O4
107.43(14), 02-P1-O4 111.29(13), O1-P1-O3 109.95(12), 0O2-P1-O3
108.51(12), O4-P1-03 102.36(14).

Figure 9. Molecular structure of 6 (all hydrogen atoms were omitted for
clarity). Selected interatomic distances [A] and angles [°] (values for the
second position of the disordered part are given in square brackets):
Zn1-01 1.947(5), Zn1-N1 2.006(5), Zn1-N3 2.30(1) [2.22(1)], Zn1-N4
2.075(6), Zn1-N5 2.091 [2.07(1)], Zn2—0O2 1.9734, Zn2—N2 2.020(5),
Zn2—-N6 2.257(6), Zn2—N7 2.069(5), Zn2—-N8 2.11(1) [1.97(1)], N1-N2
1.360(7), Znl--Zn2 4.212(1), P1-0O1 1.497(5), P1-O2 1.487(5), P1-0O3
1.577(5), P1-04 1.540(6); O1-Zn1-N1 111.3(2), O1-Zn1-N4 98.2(2), N1-
Znl-N4 118.5(2), O1-Znl-N5 99.9(4) [87.8(5)], N1-Znl-N5 109.3(4)
[110.6(5)], N4-Znl-N5 117.2(4) [123.6(5)], O1-Znl-N3 170.3(3)
[164.2(4)], N1-Zn1-N3 78.3(3) [82.1(3)], N4-Znl1-N3 75.8(4) [81.6(4)],
N5-Zn1-N3 76.8(5) [79.3(6)], O2-Zn2-N2 107.1(2), O2-Zn2-N7 93.9(2),
N2-Zn2-N7 125.4(2), O2-Zn2-N8 100.8(5) [107.7(5)], N2-Zn2-N8 110.4(4)
[110.9(5)], N7-Zn2-N8 114.3(5) [109.4(5)], O2-Zn2-N6 171.7(2), N2-Zn2-
N6 78.3(2), N7-Zn2-N6 77.8(2), N8-Zn2-N6 82.7(5) [75.3(5)], O2-P1-O1
118.3(3), O2-P1-O4 112.9(3), O1-P1-04 101.9(4), O2-P1-03 105.6(3), O1-
P1-03 109.7(3), O4-P1-O3 108.1(3).

sis, NPP) is clearly responsible for the blocking of the bimet-
allic pocket and the active site inhibition observed in the ki-
netic studies. On the basis of the structural findings, howev-
er, it can be assumed that DMP binding constants are signif-
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icantly higher for 4/6, due to the strained situation that
arises upon DMP coordination within the bimetallic pocket
of 3/5. This also helps in rationalizing the results of the
BNPP transesterification experiments described below.

Transesterification of phosphate diesters: Bioinspired trans-
esterification of phosphate esters (other than the intramo-
lecular transesterification of the RNA model substrate 2-
(hydroxypropyl)-4-nitrophenyl phosphate) has been ob-
served only in a few cases.*” In the present case, the sub-
strate BNPP, when treated with 3 or 4 in methanol solution,
is first converted to methyl (4-nitrophenyl)phosphate
(MNPP) and subsequently to dimethyl phosphate (DMP).
3P NMR spectroscopy proved to be a suitable method to
follow the course of this sequential reaction and to identify
the different phosphate diester species, since the resonances
of BNPP, MNPP, and DMP are clearly separated. However,
signals due to free and Zn-bound phosphates are only distin-
guished in NMR spectra measured at low temperature
(243 K); at 298 K, only broad signals indicative of rapid ex-
change processes are observed. Hence, values for the con-
centrations of the various phosphate diesters in Figure 10
and Figure 11 refer to the sum of both free and Zn-bound
BNPP, MNPP, and DMP, respectively.

In both cases, a rapid degradation of BNPP and concomi-
tant formation of MNPP can be observed, followed by sub-
sequent conversion of MNPP to DMPMJ Conversion of
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Figure 10. Time course of transesterification of BNPP (m) to give MNPP
(@) and DMP (A) promoted by 3; [3], = 3 mMm, T = 25°C in methanol/
DMSO (3:1).
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Figure 11. Time course of transesterification of BNPP (m) to give MNPP
(@) and DMP (A) promoted by 4; [4], = 3 mm, T = 25°C in methanol/
DMSO (3:1).
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BNPP in methanol is faster than the hydrolytic cleavage de-
scribed above, in agreement with the higher acidity and
higher nucleophilicity of a Zn-bound alcohol versus Zn-
bound water.*?! For both 3 and 4, however, the second con-
version of MNPP to DMP is significantly slower than the
primary step, revealing distinct rate differences in the
dizinc-promoted transesterification of BNPP and MNPP.
Control experiments with only BNPP, or with BNPP and
zinc triflate in methanol, showed no significant transesterifi-
cation of the substrate.

Comparison of Figure 10 and Figure 11 reveals that com-
plex 4 is initially more active than complex 3 in the transfor-
mation of BNPP, as in the hydrolytic cleavage of BNPP in
DMSO/buffered H,0O (1:1) described above. However, the
subsequent step, that is, transesterification of the initial
product MNPP to give NPP, proceeds more rapidly in the
presence of 3. This may be interpreted in terms of a stronger
0,0’-bridging coordination of MNPP and DMP and hence a
more pronounced active site inhibition in the case of 4, as
already concluded from the X-ray crystallographic findings
for 5 and 6 and from the ESI-MS experiments (see above).
Further support for this assumption comes from low-temper-
ature (243 K) *'P NMR spectra of the reaction mixtures, in
which distinct resonances for free and Zn-bound MNPP and
DMP are discernible. Signal integration shows that the ratio
of Zn-bound phosphate diester to free phosphate diester is
significantly higher in the case of 4, in particular for DMP
(bound/free MNPP: 0.22 (4) versus 0.19 (3); bound/free
DMP: 12.8 (4) versus 1.9 (3)). The data also confirm that
DMP is a much stronger ligand than MNPP. When the
DMP adducts 5 and 6 were mixed with BNPP in methanol
solution under the same transesterification conditions, no
significant BNPP cleavage could be observed within the
time frame investigated, thus confirming that DMP, and to a
lesser extent also MNPP, act as inhibitors for the dizinc
active sites.

Conclusion

In the present work, a detailed comparative reactivity study
of two dizinc metallohydrolase model systems has been car-
ried out under physiologically relevant aqueous conditions.
The results give direct experimental evidence for differences
in reactivity as a function of Zn-Zn separation. The ligand
scaffold in 4 was designed to enforce large Zn--Zn distances
so as to prohibit the formation of a tightly bridged Zn—
O(H)-Zn arrangement. As anticipated, a Zn-
(H)O-+-HO(H)-Zn unit, which can be viewed as a pseudo-
terminal Zn-OH next to an accessible (hydrated) second Zn
ion, has been found in the solid-state structure of 4. Such a
unit has been proposed as a crucial motif in oligozinc
enzyme chemistry,”! and its functional relevance with
regard to several metallohydrolases has recently been sup-
ported by DFT calculations.?**! Based on the geometric
constraints imposed by the ligand scaffold and on previous
findings, it appears most likely that the Zn—(H)O--HO(H)-
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Zn moiety in 4 is retained in solution. In contrast, ligand L',
with longer chelate arms, allows for shorter Zn--Zn separa-
tions and for a tightly bridged Zn-O(H)-Zn arrangement,
as is confirmed by the solid-state structure of 3. The exact
identity of the species [Zn,L.'H_,]** in solution remains un-
clear, however, since rapid insertion of water and a possible
equilibrium between the two bridging units cannot be en-
tirely ruled out for this system.

In view of these considerations and of the experimental
findings for 3 and 4, several conclusions relevant to biologi-
cal metallophosphoesterase action and to the design of bio-
mimetic dizinc hydrolases can be inferred from this work.
1) Water (or the resulting hydroxide) does not necessarily
have to adopt a bridging position between two zinc ions in
order for its pK, to be sufficiently lowered so as to provide
a Zn-OH function at physiological pH. Involvement of the
resulting Zn—-OH in hydrogen-bonding interactions, such as
in the O,H; bridge, may cause a similar increase in acidity
to bring the pK, of Zn-bound water to well below 8. It
should be noted that the effect of hydrogen-bonding interac-
tions on such acidification has also recently been quantified
for the mononuclear Zn-OH, motif.*¥! 2) The dizinc array
that features a Zn--Zn separation in excess of 4 A with a
pseudo-terminal ~Zn-OH  function in the Zn-
(H)O-+-HO(H)-Zn unit is quite potent in hydrolytic phos-
phate diester cleavage. Comparison of the kinetic data for
BNPP hydrolysis mediated by 3 and 4 reveals almost identi-
cal substrate binding constants (which may be attributed to
a water insertion equilibrium in the case of 3, giving a simi-
lar Zn—(H)O--HO(H)-Zn bridging unit for both complexes
in solution), but k., values are around four times higher for
4. Although any unambiguous structure—activity correlation
is hampered by the lack of structural information on the
{complex-BNPP} adducts, this supports the view that the
Zn—(H)O--HO(H)-Zn motif may be of functional relevance
in oligozinc enzyme chemistry and that suitable Zn--Zn sep-
arations are advantageous. 3) The extent of product inhibi-
tion in hydrolytic reactions can in part be controlled by the
Zn--Zn separation, as is observed in the sequential transes-
terification of BNPP in methanol. Since phosphate diester
binding in a bridging mode within the clamp of two zinc
ions is favored only for Zn--Zn distances well above 4 A,
shorter distances imposed by the ligand scaffold will signifi-
cantly lower the phosphate binding affinity and may prevent
irreversible blocking of the active site. These findings delin-
eate a suitable strategy for overcoming the latent problem
of product inhibition in dizinc hydrolase models.

Experimental Section

General: Where necessary, reactions and manipulations were carried out
under an atmosphere of dry nitrogen by using standard Schlenk techni-
ques. Solvents were dried according to established procedures. HPLC
grade methanol (CHROMASOLYV) was obtained from Riedel-de-Haen.
Ligands L' and L? were synthesized according to the reported method.
All other chemicals were purchased from commercial sources and were
used as received. Microanalyses were performed at the Analytisches
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Labor des Instituts fiir Anorganische Chemie der Universitidt Gottingen;
UV/Vis spectra: Analytik Jena Specord S 100; IR spectra: Digilab Exca-
libur, with samples in KBr pellets; ESI-MS: Finnigan MAT LCQ; NMR
spectra: Bruker Avance 500, Avance 300, and Avance 200, measured at
300 K; solvent signal as chemical shift reference ([Dglacetone: oy =
2.04 ppm, d¢c = 29.8 ppm; [D]DMSO: 0y = 2.49 ppm, dc = 39.7 ppm);
*'P NMR spectra were referenced to external 85% phosphoric acid.
Caution! Although no problems were encountered in this work, transi-
tion metal perchlorate complexes are potentially explosive and should be
handled with appropriate precautions.

Synthesis of [Zn,L'H_,(OH)](C10,), (3-(Cl0,),): Water (20 mL) was
added to L' (1.02 g, 1.74 mmol) and the suspension was treated with two
equivalents of LIOH-H,O (146 mg, 3.48 mmol) and two equivalents of
Zn(ClO,4),:6H,0 (1.29 g, 3.48 mmol) and stirred at room temperature for
12 h. The precipitate was then filtered off and dried. After the addition
of acetone (70 mL) and filtration, the solution obtained was layered with
light petroleum to gradually yield colorless crystals (650 mg, 42 %) of the
product 3-(ClO,),-acetone-(H,0),,. '"H NMR ([D,]DMSO, 500 MHz): &
= 8.82-8.81 (m, 4H; CH™®), 8.06 (m, 4H; CH™"), 7.54-7.51 (m, 8H;
CHM*), 6.02 (s, 1 H; CH*), 3.98 (s, 4H; pz-CH,), 2.75-2.74 (m, 8H; py-
CH,-CH,-N), 249-248ppm (m, 8H; py-CH,-CH,-N); “C NMR
([De]DMSO, 125 MHz): 6 = 161.5 (C™?), 150.8 (C™*), 149.2 (CHM),
141.3 (CH™*), 126.2 (CH™?), 123.4 (CH™?), 97.3 (CH™*), 57.4 (py-CH,-
CH,-N), 55.7 (pz-CH,), 33.8 ppm (py-CH,-CH,-N); IR (KBr): ¥ = 3118
(w), 3073 (w), 3043 (w), 2961 (w), 2919 (w), 2859 (w), 1610 (s), 1570 (w),
1491 (m), 1447 (m), 1314 (w), 1262 (w), 1094 (vs), 1026 (m), 769 (m), 623
(s), 419 cm™" (w); MS (ESI): m/z (%): 789 (100) [L'H_,Zn,(OH)(CIO,)]*
, 803 (15) [L'H_,Zny,(OMe)(ClO,)]"; elemental analysis calcd (%) for
C33H3NgOZn,ClL,O; (892.39): C 44.42, H 4.29, N 12.56; found: C 44.12, H
4.26, N 12.45.

Synthesis of [Zn,L’H_;(MeOH)(OH)](CI0,), (4-(C10,),): Water (20 mL)
was added to L? (460 mg, 0.938 mmol) and the suspension was treated
with two equivalents of LIOH-H,O (78.7 mg, 1.88 mmol) and two equiva-
lents of Zn(ClO,),-6 H,O (698 mg, 1.88 mmol). The mixture was refluxed
for 5 min and then stirred at room temperature for 12 h. Thereafter, the
precipitate was filtered off and dried. Colorless crystals (374 mg, 51 %) of
the product 4-(ClO,),(MeOH), could be obtained by recrystallization
from boiling methanol. 'H NMR (500 MHz, [D;]DMSO): § = 8.81 (m,
4H; CH™), 8.10 (m, 4H; CH™), 7.66 (m, 4H; CH™), 7.59 (CH™?),
6.06 (CHP*), 4.11 (s, 8H; py-CH,), 3.89 (s, 4H; pz-CH,), 3.55 (br; OH),
3.16 ppm (s, 3H; CH;0H); “C NMR (125 MHz, [D,]DMSO): 6 = 155.9
(CHP?), 151.0 (C™3%), 1482 (CH™*), 141.1 (CHP*), 124.9 (CH), 124.8
(CHM?), 1002 (CHP*), 56.8 (py-CH,), 51.7 (pz-CH,), 48.6 ppm
(CH;0H); IR (KBr): # = 3077 (w), 3036 (w), 2913 (w), 2857 (w), 1610
(s), 1573 (w), 1486 (m), 1439 (s), 1370 (w), 1334 (w), 1305 (w), 1262 (w),
1089 (vs), 1023 (s), 976 (w), 884 (w), 812 (w), 772 (s), 649 (W), 624 (s),
503 (w), 487 (w), 414cm™' (w); MS (ESI): m/z (%) = 747.1 (30,
[L*H_,Zn,(OMe)(ClO,)]), 733.2 (15, [L*H_,Zn,(OH)(ClO,)]*); elemen-
tal analysis calcd (%) for C;H;,CLNgO,,Zn, (868.32): C 41.50, H 3.95, N
12.90; found: C 41.33, H 3.80, N 12.97.

Synthesis of [Zn,L'H_,{0,P(OMe),}](Cl0,), (5-(Cl0,),): A solution of
L' (170 mg, 0.31 mmol) in MeOH (70 mL) was treated with two equiva-
lents of KOrBu (69.8mg, 0.62mmol), two equivalents of Zn-
(ClO,),6 H,0O (232 mg, 0.62 mmol), and one equivalent of dimethylphos-
phoric acid (39.2 mg, 0.31 mmol) and the resulting mixture was stirred at
room temperature for 12 h. All volatile material was then evaporated
under reduced pressure, the residue was taken up in acetone (50 mL),
and this solution was filtered. The filtrate was layered with light petrole-
um to gradually yield colorless crystals (137 mg, 43%) of the product 5-
(C10,),(C;H¢O)ps. '"H NMR (500 MHz, [D¢acetone): 6 = 8.80 (m, 4H;
CHM*), 8.17 (m, 4H; CH™), 7.76 (m, 4H; CH™?), 7.71 (m, 4H; CH™),
6.23 (s, 1H; CHP*), 4.08 (s, 4H; pz-CH,), 3.56 (d, *Jyp = 11.1 Hz, 6H;
OMe), 321 (m, 4H; py-CH,-CH,-N), 3.14 (m, 4H; py-CH,-CH,-N), 2.95
(m, 4H; py-CH,-CH,-N), 2.92 ppm (m, 4H; py-CH,-CH,-N); *C NMR
(125 MHz, [Dglacetone): 6 = 162.1 (C™?), 153.1 (CP*?), 150.4 (CHM),
142.4 (CH™#), 126.9 (CH™?), 124.6 (CH™"), 101.9 (CHF**), 58.5 (py-CH,-
CH,-N), 56.7 (pz-CH,), 53.9 (d, ¥Jop = 6.0 Hz; OCHj;), 34.2 ppm (py-
CH,-CH,-N); *'P NMR (121 MHz, [Dglacetone): 6 = 3.12 ppm; IR
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(KBr): 7 = 3118 (w), 3085 (w), 2953 (w), 2879 (w), 2856 (w), 1611 (m,
acetone), 1571 (w), 1489 (w), 1446 (m), 1366 (w), 1332 (mw), 1308 (m),
1208 (m), 1184 (m), 1160 (m), 1105 (vs), 1092 (vs), 1021 (s), 977 (w), 829
(m), 787 (m), 773 (m), 623 (m), 597 cm™' (w); MS (ESI): m/z (%): 897.5
(30, [L'H_,Zn,(POMe,)(CIO,)]*), 923.5 (100, [L'H_,Zny(PO,Me,),]*);
elemental analysis calecd (%) for CisHyzCLNGO,PZn,(CsHgO)gs
(1029.46): C 42.58, H 4.50, N 10.88; found: C 42.33, H 4.50, N 10.88.

Synthesis of [Zn,L*H_,{O,P(OMe),}1(C10,), (6-(Cl0,),): A solution of
L? (150 mg, 0.30 mmol) in MeOH (70 mL) was treated with two equiva-
lents of KOrBu (66.3mg, 0.59 mmol), two equivalents of Zn-
(Cl0,),6H,0 (220 mg, 0.59 mmol), and one equivalent of phosphoric
acid dimethyl ester (37.2 mg, 0.30 mmol) and the resulting mixture was
stirred at room temperature for 12 h. All volatile material was then
evaporated under reduced pressure, the residue was taken up in acetone
(50 mL), and this solution was filtered. The filtrate was layered with light
petroleum to gradually yield colorless crystals (159 mg, 53%) of the
product 6-(ClO,),(C;HO). '"H NMR (500 MHz, [Dg]acetone): 6 = 8.98
(m, 4H; CH™®), 8.17 (m, 4H; CH™*), 7.76 (m, 4H; CH™?), 7.70 (m, 4H;
CHM™?), 623 (s, 1H; CH), 433 (s, 8H; py-CH,), 414 (d, Jyp =
11.0 Hz, 6H; OCH;), 4.13 ppm (s, 4H; pz-CH,); *C NMR (125 MHz,
[Dglacetone): 0 = 157.1 (C™?), 152.9 (CP*°), 149.4 (CHM), 142.4
(CH™*), 126.2 (CH™?), 126.0 (CH™"), 102.0 (CH*), 57.7 (py-CH,), 54.9
(d, %Jcp = 6.0Hz; OCH,), 52.5ppm (pz-CH,); *'P NMR (121 MHz,
[Dglacetone): 6 = 3.22; IR (KBr): # = 3112 (w), 3085 (w), 2959 (w),
2926 (w), 2903 (w), 2862 (w), 1611 (m, acetone), 1574 (w), 1487 (w), 1447
(m), 1431 (m), 1373 (w), 1334 (m), 1298 (m), 1258 (m), 1229 (s), 1212 (s),
1154 (s), 1105 (vs), 1090 (vs), 1034 (s), 973 (w), 947 (w), 846 (m), 817 (w),
781 (m), 764 (m), 652 (w), 623 (m), 529 (w), 502 (w), 467 cm™' (w); MS
(ESI): miz (%): 841.1 (85) [L*H_,Zn,(PO,Me,)(ClO,)]"; elemental anal-
ysis caled (%) for C;;H35CLNgO,PZn,-C;HO (1002.39): C 40.74, H 4.12,
N 11.18; found: C 40.49, H 4.14, N 10.90.

Kinetic measurements: The kinetic measurements were performed at
50°C using buffered solutions in DMSO/water (1:1). MES (2-(N-morpho-
lino)ethanesulfonic acid), HEPES (N-(2-hydroxyethyl)piperazine-N'-2-
ethanesulfonic acid), and CHES (2-(N-cyclohexylamino)ethanesulfonic
acid) were used as buffers. The ionic strength was fixed at 0.1m with
sodium perchlorate. In a typical experiment, 1.5 mL of aqueous buffer so-
lution was mixed with 0.5 mL of complex stock solution (in DMSO) and
0.5mL of DMSO in a temperature-controlled spectrophotometric cell.
After equilibrating for 10 min, 0.5mL of BNPP stock solution (in
DMSO) was added and data collection was started immediately. The
cleavage of BNPP was monitored by following the increase of the 4-ni-
trophenolate absorption at 414.5 nm. The activities of the complexes
were determined by the method of initial rates. At least two independent
measurements were made. Conversion from absorbance to concentration
was performed by using the Lambert-Beer law, A = ¢.c. The pH de-
pendence of & was determined with 4-nitrophenol in the above solvent
mixtures.

ESI-MS measurements: 1) To a solution of the respective complex in
0.5 mL of methanol was added one equivalent of either dimethylphos-
phoric acid or sodium bis(p-nitrophenyl)phosphate. The solutions were
heated for 15 min in a water bath at 45°C and then injected into the ESI
mass spectrometer. 2) To follow the hydrolytic cleavage of BNPP,
0.25 mL (1.2 umol) of a 4.8 mm solution of the complex in DMSO was
added to 0.1 mL (1.2 pmol) of a 12 mm solution of BNPP in DMSO and
0.35 mL of water or aqueous HEPES (0.5m) and stored at 45°C. After
144 h, ESI mass spectra were recorded.

P NMR investigations: 1) To follow the hydrolytic cleavage of BNPP by
3 and 4, 0.25 mL (1.2 umol) of a 4.8 mm solution of 3 or 4 in DMSO was
added to 0.15 mL (12 pmol, 10 equiv.) of an 80 mMm solution of BNPP in
[Dg]DMSO and 0.4 mL of aqueous HEPES (pH 8) in an NMR tube at
45°C. P NMR spectra were recorded periodically. 2) To follow the

Table 4. Crystal data and refinement details for complexes 3-(ClO,),, 4-(ClO,),, 5-(ClO,),, and 6-(ClO,),.

[L'H_,Zn,(OH)](CIO,),

[L’H_,Zn,(0,H,Me)](ClO,),  [L'H_,Zn,{O,P(OMe),}](ClO,), [L’H_,Zn,{O,P(OMe),}](ClO,),

3-(CIO,), 4-(CIO,), 5-(CIO,), 6-(CIO,),
formula C33H33CLNsOyZny CHO (H,0)p; - C3HayCLN3O46Zn,(CH;0H),  C3sHisCLNgO,PZn, (CsHgO)gs  CyyHisCLNGO,,PZn,-CHO
M, [gmol™'] 952.27 932.38 1029.43 1002.36
crystal size [mm] not determined 0.61x0.23x0.21 not determined 0.32x0.26x0.24
crystal system triclinic monoclinic monoclinic monoclinic
space group P1 (no. 2) P2,/c (no. 14) C2/c (no. 15) P2,/n (no. 14)
a[A] 14.746(3) 17.1822(11) 40.401(8) 14.1816(8)
b [A] 15.465(3) 15.0256(6) 8.7426(17) 12.7628(7)
c[A] 18.638(4) 15.2378(9) 25.624(5) 23.0335(13)
a[°] 92.47(3) 90 90 90
A1 100.47(3) 104.450(5) 107.27(3) 94.307(5)
v [°] 102.43(3) 90 90 90
volume [A?] 4066.8(14) 3809.5(4) 8643(3) 4157.2(4)
Peatea [gem™] 1.555 1.626 1.582 1.602
V4 4 4 8 4
F(000) 1964 1920 4240 2056
hkl range —16to 17, £18, £21 +20, £17, £17 —47 to 44, £10, £30 +15, £14, -25to0 26
0 range [°] 1.44-24.71 1.83-24.67 1.66-24.83 1.63-24.50
measured reflec- 51122 27264 32367 18763

tions
unique reflections

13862 (0.0795)

6379 (0.0553)

(Rin)

obsd. reflections 10294 5660
[1>20(D)]

refined parame- 1062 510
ters.

restraints 0 4
residual electron  0.558/—0.465 0.975/-0.693
density [e A%

R1 [I>20(1)] 0.0299 0.0477
wR2 (all data) 0.0703 0.1214
goodness-of-fit 0.881 1.059

7429 (0.0672)

6511 (0.0391)

5249 5104
563 521

0 114
0.627/—0.309 1.082/—1.026
0.0319 0.0698
0.0640 0.1745

0.950 1.037

4358

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org

Chem. Eur. J. 2005, 11, 4349 —4360


www.chemeurj.org

Model Dizinc Phosphodiesterases

transesterification of BNPP in methanol to give MNPP and DMP,
2.4 umol of the complex (3, 4, 5 or 6) was first dissolved in 0.2 mL of
[Dg]DMSO, 4.8 umol of BNPP in 0.6 mL of MeOH was then added, and
*'P NMR spectra recorded periodically. *'P NMR (121 MHz, [D,]DMSO/
MeOH, 298 K) in the presence of 3: = 2.15 (s, br; DMP), —4.01 (s, br;
MNPP), —12.13 ppm (s; BNPP); in the presence of 4: 6 = 2.73 (s;
DMP), —3.94 (s; MNPP), —12.12 ppm (s; BNPP); *'P NMR (121 MHz,
[D]DMSO/MeOH, 243 K, {'H}-coupled, all *Jp;; ~ 11 Hz) in the pres-
ence of 3: 0 = 3.32 (sept; free DMP), 1.96 (sept; bound DMP), —4.14
(q; free MNPP), —5.09 (q; bound MNPP), —12.49 ppm (s; BNPP); in the
presence of 4: 6 = 3.35 (sept; free DMP), 2.61 (sept; bound DMP),
—4.11 (q; free MNPP), —4.48 (q; bound MNPP), —12.47 ppm (s; BNPP).
pH potentiometric titrations: The pH potentiometric titrations were con-
ducted at 25.0+0.1°C at an ionic strength of 0.2m (KCl) using a Radio-
meter PHM 84 pH-meter equipped with a Metrohm 6.0234.100 combined
electrode and a Metrohm dosimat 715. The electrode and pH-meter were
calibrated using a potassium biphthalate buffer at pH 4.008; the concen-
trations of the 0.2073m HCI and 0.1986M KOH stock solutions were
checked and a pKy, of 13.765 and an Irving factor of 0.082 were obtained
following Gran’s method.*/!

To prepare the samples, the ligands L' and L* were pipetted from 2x
1073m stock solutions, each containing 0.032m HCI; zinc(u) was taken
from a 0.0979M ZnCl, stock solution containing 0.0163m HCI. Additional
HCI was added in the form of the 0.2073m HCI stock solution and KCI
was taken from a 2M stock solution. The initial concentrations of the
samples were 0.2mM KCIl, 0.956 mm ligand L', 1.050 mm ligand L?, and
15.60 mm HCI for L}, 15.99 mm HCI for L. The initial ZnCl, concentra-
tion was varied between 0.979 mm, 1.469 mm, and 1.860 mm for both L!
and L2

Titrations of the free ligands were performed between pH 2 and 11.5 (or
until precipitation) and for ligands with added metal ion solutions be-
tween pH 2 and 11 using a 0.1850m KOH stock solution. The pH-metric
results were utilised to establish the stoichiometries of the species and to
calculate the stability constants. Calculations were performed with the
computer programs SUPERQUAD and PSEQUAD! and speciation
curves were created with the help of the MEDUSA program.*’

X-ray crystallography: Crystal data and experimental conditions are
listed in Table 4. Data were collected on a STOE image plate IPDSII
system (graphite-monochromated Moy, radiation, 1 = 0.71073 A) em-
ploying @ scans at —140°C. All structures were solved by direct methods
(SHELXS-97)" and refined against F* using SHELXL-97.¥! The non-
hydrogen atoms were refined anisotropically, except for those in disor-
dered parts. Hydrogen atoms attached to carbon atoms were refined
using a riding model with Uy (H) tied to U.,(C) (3-(ClO,), and 5-
(ClO,),) or with a fixed isotropic displacement parameter of 0.08 A% (4-
(ClO,), and 6-(ClO,),). The positional and isotropic thermal parameters
of the hydrogen atoms attached to O1/02 in 3-(ClO,), and 4-(ClO,),
were refined without constraints. Two methanol solvent molecules in 4-
(ClO,), are disordered about two positions (occupancy factors: 0.922(7)/
0.078(7) and 0.560(11)/0.440(11)), as are parts of the ligand (C4-NS5:
0.520(18)/0.480(18); C24-N8: 0.51(4)/0.49(4)), one methyl group in O,P-
(OMe), (0.62(3)/0.38(3)), the acetone solvent molecule (0.51(2)/0.49(2)),
and one ClO,  anion (0.528(16)/0.472(16)) in 6-(ClO,),. SADI, DFIX,
and FLAT restraints were applied to model the disorder, where appropri-
ate. CCDC-248511 (3-(ClO,),), CCDC-248512 (4-(ClO,),), CCDC-248513
(5-(ClO,),), and CCDC-248514 (6-(ClO,),) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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