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Nature uses carboxylate groups to bridge two metal ions in

the catalytic centers of many dinuclear metalloenzymes. Besides

providing an environment where two metal ions can bind with a
flexible metat-metal separation, the geometry of the bridging
carboxylate unit promotes the formation of additional bridging
hydroxide (or water) groups and substrate molecules. When
linking two metal ions, the I§, value of water can be lowered to
afford a hydroxide nucleophile at neutral pH, a strategy adopted
in dinuclear metallohydrolasés® Substrates such as phosphate

esters can also be activated upon binding to two metal ions. The

bridging coordination mode of the carboxylate group also
facilitates multielectron-transfer reactions that occur at dinuclear
metal centers in biological systerhs.

Despite their general utility in nature, multidentate ligands
having a bridging carboxylate motif are challenging to prepare
in model systems. Th&yn, syrcoordination mode of the bridging
carboxylate renders difficult the design and synthesis of such
ligands with pendant groups that can form the desired dinuclear
complexes. One approach to this problem is to employ naph-
thyridine, a nitrogen analogue of carboxylate, as the bridging
unit>8 Substitution at positions adjacent to the nitrogen hetero-
atoms facilitates the introduction of the desired functionalities.
In the present work we describe the successful application of this
strategy through the synthesis and utilization of a new dinucleating
ligand BPAN, 2,7-bis[2-(2-pyridylethyl)aminomethyl]-1,8-naph-
thyridine. BPAN readily forms unprecedented biomimetic bridged
dinuclear complexes, the 1,8-naphthyridine moiety providing a
masked carboxylate group.

BPAN was prepared in 70% yield by reacting 2-(2-aminoethyl)-
pyridine with 1,8-naphthyridine-2,7-dicarboxaldehydemetha-
nol. It is an effective dinucleating ligand in both aqueous and
organic media. Dinuclear copper(ll), zinc(ll), nickel(ll), and

tetranuclear cobalt(ll) complexes were readily assembled, as

illustrated in Scheme 1. In all cases, the naphthyridine portion of
BPAN coordinates to two metal ions in a bridging mode, just
like a carboxylate unit. Blue crystals of [gu-OH)(BPAN)]-
(ClO4)3 (1) formed by allowing BPAN to react with 2 equiv of
Cu(OTf) in MeOH followed by addition of saturated aqueous
NaClQ, solution. Reactind. with 1 equiv of diphenyl phosphate
afforded the blue derivative [G{u-OH) u-(PhOYPO,} (BPAN)]-
(ClOq4)2 (2), the structure of which is depicted in Figure 1. The
coordination geometry of each copper ion is square pyramidal
with a bridging hydroxide and a bridging diphenyl phosphate
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Figure 1. ORTEP diagram of [Cafu-OH)Yu-(PhOYPQOs} (BPAN)]-
(ClO4)2 (2) showing the 40% probability thermal ellipsoids for all non-
hydrogen atoms.

Scheme 1
X N 3+
=
‘N/ IN/ AR
N-Cl\l/ \fu—N
NH - HN \,N N )
z ' A /1
™ Pz _l2+
BPAN No™q N
( \/ VAR
N—.;r\{i..,.o‘.ull\l‘i—N
L N
\_,N )' NQJ
_ ;
ph, Ph -2+ 4+
/P\ N / H\ \
N9 oy LSO N
f / \ \ N—C()\O,Co\
g LR
N NN )

group. One oxygen atom from the latter forms a single-atom
bridge between two copper ions, a geometry that to our knowledge
has not been previously encountered for any phosphodiester-
bridged dimetallic center. Dinuclear [Mi--OAc),(BPAN)(H,O)]-
(ClOy)2 (3) and tetranuclear [GQ:-OH)4(BPAN),](CIO,)4 (4) also
readily assemble with BPAN (Scheme}).

Several laboratorié5s*° have attempted to mimic the action
of the carboxylate-bridged dizinc(Il) unit, which is employed in
many metallohydrolases to hydrolyze phosphate esters and other
biological substrate’s? We were therefore interested in preparing
a dizinc(ll) derivative of BPAN to evaluate its potential for
promoting this chemistry. The compound Ba-OH)(u-PhPOy)-
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Figure 2. ORTEP diagram of [Zs{u-OH)(u-PhPO,)(BPAN)](CIOs),
(5) showing the 40% probability thermal ellipsoids for all non-hydrogen pH

atoms. Figure 3. pH—rate profile for the transesterification cleavage of 2.0 mM

_ _ _ HPNP by 0.2 mM [Za(u-OH)(u-PhPO:)(BPAN)](CIOs), (5) in buffered
(BPAN)](CIOy). (5) was synthesized by allowing 2 equiv of Zn-  aqueous solutions containing 1% of N, 19 mM HEPES for pH
(OTf)2 to react with BPAN, PFPOH, and LiOHH,0 in a 2:1 7.00-8.50 and 19 mM MES for pH 6.256.75, at 25+ 0.2 °C.
EtOH/H,O solution of NaClQ under neutral conditions. The

structure of5, depicted in Figure 2, comprises two zinc ions,  The greater activity o compared to the mononuclear reference
3.287(5) A apart, bridged by the naphthyridine fragment of BPAN compound could result from the double Lewis acid activation of
as the carboxylate analogue, a hydroxide ion, and a diphenylthe substrate by coordination to two zinc(ll) ions in proximity to
phosphonate group as a substrate analogue. The Zn(1) atom hathe bridging hydroxide group.HKy values >8.0 are typically
distorted trigonal bipyramidal coordination geometry and Zn(2) observed for mononuclear zinc(ll)-bound weiet By positioning

is square pyramidal. The structure ®tlosely resembles those  two zinc ions close to each other with the BPAN ligand, the p
of the dizinc cores in many metallohydrolases. The formation of of the zinc(ll)-bound water is lowered significantly, allowing
a hydroxide bridge under neutral conditions in aqueous solution formation of a hydroxide group under neutral conditions. This
suggests that thek value of zinc(ll)-bound water is significantly ~ bridging hydroxide appears to be the reactive base for the

lower owing to the use of the dinucleating ligand BPAN. transesterification cleavage of HPNP, based on the-raite
A potentiometric titration of5 displayed two end points  profile. A less likely, alternative mechanism cannot be excluded,
corresponding to I, values of 6.85+ 0.05 and 8.7Q+ 0.05. however, in which the hydroxyl group of HPNP is deprotonated

The first deprotonation constant is attributed to the bridging water upon binding to zinc, and then attacks the phosphate group, also
molecule, a situation encountered in many biological systems activated through coordination to zinc. Turnover was observed
where a hydroxide group is generated from water by bridging without significant loss of reactivity. A substrate concentration
two zinc(ll) ions under neutral conditions. The secoikd palue dependence study indicated weak binding of HPNP to cat&lyst
of 5 may correspond to formation of a terminally bound hydroxide in agueous media, with a dissociation constanKgf= 10.0+
ion or to a second bridging hydroxide that replaces the diphenyl 1.9 mM.
phosphonate ligand. In conclusion, 1,8-naphthyridine appears to function well as a
The ability of 5 to catalyze the transesterification of the RNA masked version of the bridging carboxylate ligand widely
model substrate 2-hydroxypropyl-4-nitrophenyl phosphate (HPNP) distributed in nature. The BPAN ligand effectively promotes the
was evaluated by adding a 10-fold excess of substrate to theformation of dinuclear metal complexes. Novel structures can be
dizinc(I1) complex in buffered aqueous soluticigs mononuclear accessed with this ligand as illustrated. In addition, the catalytic
reference compound, prepared by stoichiometric addition of Zn- transesterification cleavage of HPNP under neutral aqueous
(ClOy4)2+6H,0 to the ligand\,N-bis(2-pyridylmethyl)tert-butyl- conditions by5, which proceeds at a rate severalfold higher than
amine (bpta), was similarly investigated. The rate of transester- that of the corresponding mononuclear compound, indicates that
ification cleavage of HPNP catalyzed Bywas 6.4-fold faster interesting reactivity can also be obtained with complexes of this
than that of the mononuclear reference compound under neutralligand system. This result further demonstrates that BPAN is a
aqueous condition®. The reaction with5 was followed at 10 very effective ligand in aqueous media for synergistic action of
different pH values to generate a piate profile that revealed  two metal ions.
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