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Structure and Reactivity of a Dinuclear Cobalt(lll) Complex with a Bridging Phosphate Monoester
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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 phosphataseurple acid phosphatadéositol
monophosphataseandp-fructose 1,6-biphosphate 1-phospha-
tase? The active sites of protein serine and threonine phospha-
tases may also consist of dinuclear metal certe@ver the
years there has been considerable interest in understanding th
mechanism of hydrolysis of phosphate monoe&feend di-
ester&® and the role of simple mononucléd&rand dinuclear®
metal complexes in the hydrolysis reacti¥nSince hydrolyses

of phosphate mono- and diesters often take place by different
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mechanismé! it is important to study the mechanisms of both purple cubic crystals. The structurebfFigure 1) reveals that

reactions. Here we report the structure of a phenylphosphonat
bridging a dinuclear Co(lll) complexlj and the reactivity of

a phenyl phosphate bridging the same dinuclear Co(lll) complex
2.

The perchlorate salt of was synthesized by bubbling air
into a methanolic solution containing equimolar amounts of Co-
(ClOy),, disodium phenylphosphonate, and 2,6-bis[(bis(2-py-
ridylmethyl)amino)methyl]-4-methylphenol (Hbpmp). The crude
product, [Ce(bpmp)(QP(Ph))(OH)(OH)I(CIO,): (1), was re-
crystallized from a solution of acetonitrile and water, yielding
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eIhe two cobalt centers are differét. In one of the cobalt

centers, the tertiary alkylamine is coordinatedns to the
coordinated phosphonate oxygen while in the other cobalt center
the tertiary alkylamine is coordinatdathnsto the coordinated
water or hydroxide molecule3!P NMR spectrum of the di-
nuclear Co(lll) complex shows a sharp singlgtirf D,O (tri-
methyl phosphate) 33 ppm), indicating that there is only one
diastereomer in the sample. Replacing phenylphosphonate in
the above synthesis with phenyl phosphate gave(ffponp)-
(O3P(OPh)(OH)(OH)](CIO4)2 (2).13 The 3P NMR signal for

2 (6 10 ppm relative to trimethyl phosphate) in®@ 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(lll) centefs.

Hydrolysis of the bridging phosphate monoester2invas
monitored by'H and3!P 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)),3##eNMR signal
due to2 gradually decreases with a concomitant increase in
the signal at 28 ppm (Supporting Information). Over the same
time period, the!H NMR signal due to the methyl group in
2-H is converted to that foB. Production of phenol from
hydrolysis of the phosphate monoester2ifl mM) at 25°C
and pH 6-13 was also monitored by HPLC (Supporting
Information)* The pH-rate profile for the hydrolysis reaction

(12) Crystal structural data fot(ClOg)2:3H20: C:C39H41N6O17PCh,
monoclinic, space grouP2y/c, a = 11.6403(15) Ab = 19.5420(18)
A, c = 19.7515(18) AV = 4474.5(8) R, Z = 4; 4895 measured
reflections, 2976 witH > 2.50(l), 647 parameterdR = 0.049 and
Ry = 0.053.
(13) (a) Connolly, J.; Kim, J. H.; Banaszczyk, M.; Drouin, M.; Chin, J.
Inorg. Chem.1995 34, 1094. (b) Haight, G. P., JCoord. Chem.
Rev. 1987, 79, 293. Anal. Cald for GgH41NgO1sPCLCo;, (2(ClO4)2):
C, 44.46; H, 3.92; N, 7.98; Cl, 6.73; Co, 11.19. Found: C, 44.22; H,
3.92; N, 7.90; CI, 6.54; Co, 11.50.
At appropriate time intervals, reactions were quenched by pipetting
aliquots of the reaction mixture into equal volumédsloM HCIO4
prior to HPLC analysis. The production of phenol was monitored by
HP1090 HPLC using a 10R 2.1 mM C-18 column running 0.5 mL/
min of 0.2 M NHsH2POy buffer (pH 5.5) for the first 5 min followed
by a linear gradient to 50% of a 60/40 methanol/water solution over
the next 10 min. Buffers used for the ptrate profile were MES (4-
morpholineethanesulfonic acid), HEPES-(2-hydroxyethyl)pipera-
zineN'-ethanesulfonic acid), EPPS (4-(2-hydroxyethyl)-1-pipera-
zinepropanesulfonic acid), CHES (2-(cyclohexylamino)ethanesulfonic
acid), and CAPS (3-(cyclohexylamino)-1-propanesulfonic acid). No
buffer catalysis was observed (at-180 mM). The rate constants were
reproducible to within 3% error. At pkt 10, production of phenoxide
can also be monitored spectrophotometrically at 238 nm.

(14)
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Figure 1. X-ray structure ofl (ORTEP representation; ellipsoids at
the 30% probability level). Selected distances (A) and angles (deg):
Col-Co2 3.529(2), CotN4 1.966(6), CotN5 1.913(6), CotN6
1.947(6), Co+01 1.903(5), Cot03 1.959(5), Cot04 1.890(5),
Co02-N1 1.984(6), Co2N2 1.916(7), Co2N3 1.926(6), Co202
1.885(5), Co2-03 1.968(5), Co205 1.904(5), O4P—-05 112.2(3),
Co01-04—P 138.8(3), Co205—P 123.4(3), 0+ Co01-04 93.69(23),

N4—Col-N6 85.4(3), O2Co2-05 94.49(23), N:Co2-N3
85.7(3).
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Figure 2. pH-rate profile for conversion o2 to 3 at 25°C.

is shown in Figure 2. The rate of the hydrolysis reaction
increases with increase in pH but levels off above pH 10.
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esting that the reaction is so clean and simple with3Ré&NMR
signal for the starting material going to oA¥ NMR signal

for the product. ThéP 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(#?).The X-ray
structure ofl shows that one of the coordinated water/hydroxide
molecules is much closer to the phosphorus center (3.06 A)
than the other coordinated water/hydroxide molecule (3.6% A).
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 gf-nitrophenyl phosphate
bridging two Co(lll) centergab 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 4is about 4x 1071s 1 at 25°C. The water rate for cleavage
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of the uncomplexed dianioni@-nitrophenyl phosphate is
approximately 2x 107° st 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 & 10713 s71 at 25°C.Y7 The
bridging phosphate monoester2rH is cleanly hydrolyzed to
completion with a first-order rate constant of abouk 5102
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 with
nitrophenyl phosphate in the synthesisZ)fp-nitrophenol is
rapidly released during the synthe&is.The greater rate
acceleration in the hydrolysis @H may be due in part to the
more rigid structure ir2-H compared to that ir.
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Supporting Information Available: X-ray structural information
for 1, including a crystal packing diagram and listings of crystal-
lographic data, refinement details, positional parameters, and interatomic
distances and angles, typical time plots for production of phenoxide
from 2 at pH 8 and 13 as determined by HPLC, &He NMR spectra

The simplest reaction mechanism (Scheme 1) that fits the for conversion o2-H to 3 (11 pages). See any current masthead page

pH-—rate profile (Figure 2) involves deprotonation of the metal-
bound water molecule i@ to form 2-H followed by intramo-
lecular nucleophilic attack of the metal hydroxide on the
bridging phosphate monoester to foand phenol. The pH

rate profile was fit according téons = Kok/(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 gave Ku = (1.4 4+ 0.2) x 1001°M andk = (5.1 £ 0.6) x
102sL. The [K,value of the metal-bound water molecule in
2 (9.8) obtained from the pHrate profile is comparable to that
for 1 (9.6) determined by potentiometric titratidn. It is inter-

for ordering information.
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