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In nature there are many enzymes that hydrolyze phosphate
monoesters that are activated by two or more metal ions. They
include alkaline phosphatase,1 purple acid phosphatase,2 inositol
monophosphatase,3 andD-fructose 1,6-biphosphate 1-phospha-
tase.4 The active sites of protein serine and threonine phospha-
tases may also consist of dinuclear metal centers.5 Over the
years there has been considerable interest in understanding the
mechanism of hydrolysis of phosphate monoesters6,7 and di-
esters8,9 and the role of simple mononuclear6,8 and dinuclear7,9

metal complexes in the hydrolysis reaction.10 Since hydrolyses
of phosphate mono- and diesters often take place by different
mechanisms,11 it is important to study the mechanisms of both
reactions. Here we report the structure of a phenylphosphonate
bridging a dinuclear Co(III) complex (1) and the reactivity of
a phenyl phosphate bridging the same dinuclear Co(III) complex
(2).
The perchlorate salt of1 was synthesized by bubbling air

into a methanolic solution containing equimolar amounts of Co-
(ClO4)2, disodium phenylphosphonate, and 2,6-bis[(bis(2-py-
ridylmethyl)amino)methyl]-4-methylphenol (Hbpmp). The crude
product, [Co2(bpmp)(O3P(Ph))(OH2)(OH)](ClO4)2 (1), was re-
crystallized from a solution of acetonitrile and water, yielding

purple cubic crystals. The structure of1 (Figure 1) reveals that
the two cobalt centers are different.12 In one of the cobalt
centers, the tertiary alkylamine is coordinatedtrans to the
coordinated phosphonate oxygen while in the other cobalt center
the tertiary alkylamine is coordinatedtrans to the coordinated
water or hydroxide molecule.31P NMR spectrum of the di-
nuclear Co(III) complex shows a sharp singlet (1 in D2O (tri-
methyl phosphate)δ 33 ppm), indicating that there is only one
diastereomer in the sample. Replacing phenylphosphonate in
the above synthesis with phenyl phosphate gave [Co2(bpmp)-
(O3P(OPh)(OH2)(OH)](ClO4)2 (2).13 The 31P NMR signal for
2 (δ 10 ppm relative to trimethyl phosphate) in D2O is about
12 ppm downfield shifted relative to the corresponding signal
for the unbound phosphate, which is characteristic of a phos-
phate bridging two Co(III) centers.13

Hydrolysis of the bridging phosphate monoester in2 was
monitored by1H and31P NMR (Varian XL 300). In an aqueous
solution of 2 (1 mM) at 25 °C and pD 6.8 (10 mM 1,4-
piperazinebis(ethanesulfonic acid) (PIPES)), the31P NMR signal
due to2 gradually decreases with a concomitant increase in
the signal at 28 ppm (Supporting Information). Over the same
time period, the1H NMR signal due to the methyl group in
2-H is converted to that for3. Production of phenol from
hydrolysis of the phosphate monoester in2 (1 mM) at 25°C
and pH 6-13 was also monitored by HPLC (Supporting
Information).14 The pH-rate profile for the hydrolysis reaction
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is shown in Figure 2. The rate of the hydrolysis reaction
increases with increase in pH but levels off above pH 10.
The simplest reaction mechanism (Scheme 1) that fits the

pH-rate profile (Figure 2) involves deprotonation of the metal-
bound water molecule in2 to form 2-H followed by intramo-
lecular nucleophilic attack of the metal hydroxide on the
bridging phosphate monoester to form3 and phenol. The pH-
rate profile was fit according tokobs ) Kak/(Ka + [H]) where
Ka is the acid dissociation constant for the metal-bound water
molecule in2 and k is the rate constant in Scheme 1. The best
fit gaveKa ) (1.4( 0.2)× 10-10 M and k ) (5.1( 0.6)×
10-2 s-1. The pKa value of the metal-bound water molecule in
2 (9.8) obtained from the pH-rate profile is comparable to that
for 1 (9.6) determined by potentiometric titration.15 It is inter-

esting that the reaction is so clean and simple with one31P NMR
signal for the starting material going to one31P NMR signal
for the product. The31P NMR signal for3 is about 28 ppm
downfield shifted relative to the corresponding signal of the
unbound phosphate, which is characteristic of a phosphate with
three of its oxygens coordinated to cobalt(III).13 The X-ray
structure of1 shows that one of the coordinated water/hydroxide
molecules is much closer to the phosphorus center (3.06 Å)
than the other coordinated water/hydroxide molecule (3.67 Å).16

We propose that only one product is formed because the
coordinated water/hydroxide molecule closer to the phosphorus
center is the nucleophile.
Sargeson et al. proposed a mechanism similar to that shown

in Scheme 1 for the hydrolysis ofp-nitrophenyl phosphate
bridging two Co(III) centers.7a,b However, their system is highly
complex due to competition between hydrolysis of the phosphate
monoester and dissociation of the phosphate monoester from
the cobalt complex. Through careful kinetic analysis, Sargeson
et al. have been able to separate the rate of hydrolysis of the
phosphate monoester from the dissociation reactions. They
estimated that the rate constant for hydrolysis of the monoester
in 4 is about 4× 10-1 s-1 at 25°C. The water rate for cleavage

of the uncomplexed dianionicp-nitrophenyl phosphate is
approximately 2× 10-9 s-1 at 25 °C.17 Hence the dinuclear
complex4 provides about 8 orders of magnitude rate accelera-
tion for the hydrolysis reaction.
The water rate for hydrolysis of uncoordinated dianionic

phenyl phosphate is about 5× 10-13 s-1 at 25 °C.17 The
bridging phosphate monoester in2-H is cleanly hydrolyzed to
completion with a first-order rate constant of about 5× 10-2

s-1. Therefore the dinuclear cobalt complex provides about 11
orders of magnitude rate acceleration for hydrolysis of phenyl
phosphate. When phenyl phosphate is replaced withp-
nitrophenyl phosphate in the synthesis of2, p-nitrophenol is
rapidly released during the synthesis.18 The greater rate
acceleration in the hydrolysis of2-H may be due in part to the
more rigid structure in2-H compared to that in4.
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Figure 1. X-ray structure of1 (ORTEP representation; ellipsoids at
the 30% probability level). Selected distances (Å) and angles (deg):
Co1-Co2 3.529(2), Co1-N4 1.966(6), Co1-N5 1.913(6), Co1-N6
1.947(6), Co1-O1 1.903(5), Co1-O3 1.959(5), Co1-O4 1.890(5),
Co2-N1 1.984(6), Co2-N2 1.916(7), Co2-N3 1.926(6), Co2-O2
1.885(5), Co2-O3 1.968(5), Co2-O5 1.904(5), O4-P-O5 112.2(3),
Co1-O4-P 138.8(3), Co2-O5-P 123.4(3), O1-Co1-O4 93.69(23),
N4-Co1-N6 85.4(3), O2-Co2-O5 94.49(23), N1-Co2-N3
85.7(3).

Scheme 1

Figure 2. pH-rate profile for conversion of2 to 3 at 25°C.
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