
Novel Phosphate–Phosphate Bond Formation Mediated upon Cobalt(III) Complex Systems

Yasuhiro Funahashi, Atsuro Yoneda, Chiyoe Taki, Miwa Kosuge, Tomohiro Ozawa,
Koichiro Jitsukawa, and Hideki Masuda�

Department of Applied Chemistry, Graduate School of Engineering, Nagoya Institute of Technology,
Gokiso-cho, Showa-ku, Nagoya 466-8555

(Received July 4, 2005; CL-050858)

In an aqueous solution (pH 3) containing active charcoal as
a solid phase, reaction of [CoIII(tpa)(CO3)]

þ(1) (tpa = tris(2-
pyridylmethyl)amine) and 2 equiv. of an active phosphate
ester, disodium 4-nitrophenylphosphate (NPP), at 60 �C gave
[CoIII(tpa)(PO4)] (2) (8% yield) and [{CoIII(tpa)}2(�-P2O7)]

2þ

(3) (51% yield) as isolated products. The X-ray crystal structure
of main product 3 revealed that an NPP-derived diphosphate
bridged to the dinuclear Co(III) centers. The diphosphate forma-
tion was not detected without active charcoal or under neutral
pH condition.

There has been much effort of biomimetic model studies1a–1c

for understanding the role of metal ions accelerating hydrolysis
of phosphate esters in phosphatase. In spite of the biological
importance, there are few examples of the phosphate–phosphate
bond formation assisted by metal ions.1d In this report, we de-
scribe a novel phosphate–phosphate bond formation mediated
on a Co(III) complex system in the presence of a phosphate
ester in an acidic aqueous solution containing active charcoal
as a solid phase.

The Co(III) carbonato complex, [CoIII(tpa)(CO3)]
þ (1)2,3

(tpa = tris(2-pyridylmethyl)amine) and 2 equiv. of disodium
4-nitrophenylphosphate (NPP) were mixed in water at pH 3.
To the mixed solution was added an approximate amount of ac-
tive charcoal,4 which was then stirred for 7 h at 60 �C. After that,
the solution pH was neutralized and the products were purified
by column chromatography with cation-exchange resin, giving
[CoIII(tpa)(PO4)] (2) (8% yield) and [{CoIII(tpa)}2(�-P2O7)]

2þ

(3) (51% yield).3–6

Recrystallization of neutral complex 2 and the perchlorate
salt of 3 in methanol/diethylether gave both red crystals for
2 and 3.(ClO4)2. The structures of these Co(III) complexes were
determined by X-ray diffraction analyses as shown in Figures 1a
and 1b for complexes 2 and 3, respectively. In the molecular
structure of 2, bidentate phosphate and tetradentate tpa ligands
are coordinated to the mononuclear Co(III) ion (Figure 1a).
The Co–phosphate bond distances in 2 (Co–O(1) = 1.898(3)
and Co–O(2) = 1.911(4) �A) are significantly shorter than
those in [CoIII(en)2(PO4)] (en = ethylenediamine) (Co–O =
1.927(4)–1.948(3) �A),8 implying that the aromatic pyridine li-
gands of tpa may induce a higher affinity of the phosphate to
the Co(III) center than aliphatic amine ligands of en. Surprising-
ly, the molecular structure of 3 clearly showed that a diphos-
phate-bridged dimer complex has been formed as a result of a
novel reaction involving phosphate bond formation (Figure 1b).
The diphosphate molecule coordinates with each Co(III) center
as a bidentate ligand. The unit cell contains two independent
structures of 3. The tendency of Co–phosphate bond distances
in mononuclear Co(III) complexes can be adapted for those in

dinuclear Co(III) complexes. In the molecular structures of 3,
the bond distances between Co(III) ion and diphosphate oxygen
atoms (Co(1)–O(1) = 1.895(5) and 1.900(5), Co(1)–O(2) =
1.901(4) and 1.918(4), Co(2)–O(3) = 1.909(5) and 1.912(5),
and Co(2)–O(4) = 1.915(4) and 1.904(4) �A) are remarkably
shorter than those of dinuclear Co(III)–monophosphate com-
plexes with aliphatic ligands, {[CoIII(en)2(�-O3POC6H5)]2}

2þ

(Co–O = 1.922(5)–1.956(5) �A),9a [{CoIII([9]aneN3)}2(OH)2-
(�-O2P(OCH3)2)]

3þ ([9]aneN3 = 1,4,7-triazacyclononane)
(Co–O = 1.935(6) �A),9b and [{CoIII(trpn)}2(�-PO4)]

3þ (trpn =
tris(aminopropyl)amine (Co–O = 1.950(6)–1.980(9) �A),9c and
are equal to those of a dinuclear Co(III)–monophosphate
complex with aromatic pyridine ligands (Co–O = 1.890(5)–
1.904(5) �A for [CoIII2(bpmp)(�-O3POC6H5)(H2O)(OH)]

2þ

(bpmp = 2,6-bis[{bis(2-pyridylmethyl)amino}methyl]-4-meth-
ylphenolate).9d The weaker electron-donating aromatic ligands
like tpa than those of aliphatic amine ligands may increase a
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Figure 1. Molecular structures of a) 2 and b) 3 with thermal
ellipsoids drawn at the 50% probability.
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Lewis acidity and affinity of the Co(III) center for the diphos-
phate ligand, stabilizing the dimer structure of 3. In the molecu-
lar structures of 3, �–� stacking interactions were also observed
between two tpa-derived pyridine rings with an average intramo-
lecular distance of 3.84 �A. Such an intermolecular interaction be-
tween ligands would promote dimerization of Co(III) complexes
in the formation of 3.

In order to investigate the reaction requirements for the
phosphate bond formation carried out on the Co(III)–tpa com-
plex system,3,4 the reaction products were quantified under part-
ly changing the conditions. First, the reaction was stopped at an
adequate time, and the time course of accumulation of main
product 3 was estimated. The yields of 3 changed to 6% after
1 h, 26% after 3 h, and 46% after 5 h, respectively. The formation
of product 3 was completely saturated in 5 h. The formation of
this Co(III) diphosphate complex 3 was so slow, because Co(III)
complex is substitutionally inert. Secondary, an increase of pH
values causes the yield of 3 to decrease in the order; 51% yield
(pH 3) >20% yield (pH 5) �0% yield (pH 7). The yield of 3
at pH 7 is essentially negligible. Generally, neutral pH is
suitable for hydrolysis of phosphate compounds catalyzed by
Co(III) complexes.10 Such an acidic condition (pH 3) in this
reaction is supposed to prevent OH� formation and hydrolysis
of diphosphate. The reaction of 1 and Na3PO4 under the same
conditions in presence of active charcoal3,4 produces monophos-
phate complex 2 (42% yield) with no yield of diphosphate com-
plex 3. Therefore, the active phosphate ester, NPP, is required
for the diphosphate formation. Finally, in the absence of active
charcoal, increase of H2PO4

� as only one product for hydrolysis
of NPP was detected by using 31PNMR under the acidic condi-
tions (pH 3). In this case, the Co(III)–phosphate complexes 2
and 3 were not detected (�0% yield). These facts indicate that
the additional active charcoal is essential for the phosphate bond
formation on the Co(III)–tpa complex system. When traced by
31PNMR spectra, about 30% of 1 equiv. of NPP was adsorbed
by the active charcoal, and addition of [CoIII(tpa)(CO3)]

þ(1)
decreased the residual NPP in the solution until less than about
20%, indicating that the cation 1 and the NPP anion were simul-
taneously adsorbed on the active charcoal. Accumulation rate of
diphosphate product 3 was independent on the NPP concentra-
tion, and not changed in both of 1 equiv. and 2 equiv. of NPP
used, suggesting that concentrations of the reactants were kept
proportional and constant on the active charcoal.

Taking account of the above experimental results, we
can describe the following essential factors for formation of di-
cobalt(III) diphosphate complex 3: i) a part of NPP must be hy-
drolyzed, ii) the reaction intermediate is possibly a dinuclear
complex or a pair of two Co(III) complexes, and iii) in the inter-
mediate complexes, an inorganic phosphate is supposed to have
attacked the active NPP with elimination of a good leaving
group, p-nitrophenol. The mechanisms ii) and iii) were postulat-
ed on the basis of the molecular structure of the major product 3,
which contains essential information about prior reaction inter-
mediate, because such cobalt(III) complexes are substitutionally
inert. Further studies for the reaction between dicobalt(III)
monophosphate complex and NPP are in progress.
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