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One of the striking observations in biological phosphate 
chemistry is that it all appears to be metal ion catalyzed. 
However, the role of the metal ion in promoting biological 
hydrolysis reactions of phosphate derivatives including phos
phate esters has been the subject of considerable speculation.2 6 

Some experimental approaches have involved model systems 
in which the relationship between the metal ion and the 
phosphate derivative has been difficult to define and in which 
the catalytic effects have been modest.3 

The idea that chelate formation between a phosphate ester 
and a metal ion could result in greatly enhanced hydrolysis 
rates was conceived at least by Farrell, Kjellstrom, Spiro,3 and 
ourselves after the extraordinarily high reactivity for five-
membered cyclic phosphate esters was observed.7 However, 
a tractable and unequivocal system to demonstrate this hy
pothesis has proved difficult to find and characterize. The 
experiments in this area,3 with methyl phosphate and ethyl-
enediamine and triethylenetetraminecobalt(IIl) complexes 
have displayed relatively small acceleratory effects over free 
methyl phosphate and there are many mechanistic ambiguities. 
We report here on the hydrolytic reactivity of/?-nitrophenyl-
phosphate in the chelate (/?-nitrophenylphosphato)bis(tri-
methylenediamine)cobalt(lll) cation, [Co( tn) 2 0 3 PO-
C G H 4 N O J ] + , a complicated but tractable system. 

We have not discovered any structural studies of bidentate 
covalently bound phosphate complexes. Consequently we re
port an x-ray crystal structure analysis of phosphatobis(eth-
ylenediamine)cobalt(III) which defines the geometry of the 
four-membered chelated phosphate ring and is relevant to the 
hydrolysis study. 

Experimental Methods 

Visible-UV spectra and rate data were collected on a Cary-118 
recording spectrophotometer. 1H NMR spectra were obtained at 100 
MHz on a JEOL Minimar spectrometer. pH measurements were 
made with a Radiometer pH meter 26 using a sodium chloride salt 
bridge, with standardizations before and after measurements. 

Analytical reagents were used in kinetic studies, except where 
otherwise specified. />-Nitrophenylphosphate, disodium salt, hexa-
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hydrate (Gold Label, 99%) was obtained from Aldrich Chemical Co. 
Sodium hydroxide solutions were freshly prepared from May and 
Baker "Volucon" concentrate, using carbon dioxide free water. 

frans-|Co(tn)2(OH)(OH2)|(CI04h was prepared from [Co-
(tnhCC^JCIO.* in accord with the procedure of Jonasson et al.8 

Anal. Calcd for COC 6 H 2 3 N 4 CI 2 OI 0 : C, 16.34; H, 5.26; N, 12.70. 
Found: C, 16.3; H, 5.2; N, 12.5. 

frans-|Co(tn)2Cl2|CI04 was prepared by heating excess ~6 M 
aqueous hydrochloric acid and fra/w-[Co(tn)2(OH)(OH2)](CI04)2 
on a steam bath for ~30 min. After cooling, aqueous perchloric acid 
(~4 M) was added. The green product was collected and washed with 
dilute aqueous perchloric acid followed by ethanol and then ether 
before drying it over phosphorus pentoxide in vacuo. 

ICo(Jn)2O3POC6H4NO2ICIO4. Stoichiometric quantities of silver 
perchlorate (BDH, LR) and/?-nitrophenylphosphale, disodium salt, 
hexahydrate, were mixed in aqueous solution to precipitate Ag2-
[03POC6H4NO2]. The product was washed with cold water and 
dried, in the dark, in vacuo over phosphorus pentoxide (~80% yield). 
Ag2[O3POC6H4NO2] (2.02 g, finely ground), f/ws-[Co(tn)2Cl2] 
ClO4 (1.76 g), and Me2SO (30 mL) were stirred (in a stoppered flask) 
at 20 0C in the dark. After ~10 min the solution became violet. Stir
ring was continued for — 18 h before removing the AgCI. The product 
was precipitated with dry ethanol and ether, filtered with minimum 
exposure to air, and washed with ethanol and then ether. Purification 
was achieved by dissolving it in a small volume of Me2SO (~5 mL) 
and reprecipitating with aqueous NaClO4 (0.25 M, 50 mL). The violet 
crystalline product was washed with aqueous NaClO4, then with 
ethanol followed by ether, after which it was dried in vacuo over 
phosphorus pentoxide (~30% yield). 

Anal. Calcd for CoC,2H24N5PCIOio: C, 27.52; H, 4.62; N, 13.37; 
P, 5.91; Cl, 6.77. Found: C, 27.6; H, 4.7; N, 13.2; P, 5.6; Cl, 6.5. 

The 1H NMR spectrum of [Co(tn)203POC6H4N02]CI04 in 
Me2SO-(Z6 gave the following chemical shifts (parts per million 
downfield from external Me4Si; relative peak areas in parentheses): 
«-CH2, 1.49 (8); /3-CH2, 2.47 (4); NH2, 3.65 and 3.89 (overlapping, 
total 4); NH2, 4.88 (2); aromatic H, doublet centered at 7.23 (2); 
NH2, 7.89, and aromatic H, doublet centered at 8.10 (overlapping, 
total 4). 

Analysis of p-Nitrophenylphosphate. A sample of [CoOn)2O3PO-
C6H4NO2]ClO4 (0.027 g) was dissolved directly in 2 M NaOH (10 
mL). After 2 min (>8ri/2 for hydrolysis) the solution was diluted 
25-fold and a spectral measurement on an aliquot showed 7%^-ni-
trophenolate released, (based on the weight of complex). The re-
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maining solution was passed through a cation exchange column, (Bio 
Rad, 5OW X 2, 200-400 mesh, H+ form) which was then washed 
carefully with water. The hydrogen ion concentration of the effluent 
solution together with washings was brought to 1 M with HCl and the 
mixture heated to 100 0C for 4 h to hydrolyze the remaining p-ni-
trophenylphosphate to p-nitrophenol.9 The cooled solution was made 
alkaline with NaOH and spectral analysis of this solution revealed 
the available p-nitrophenylphosphate to be 97% of the theoretical 
amount. 

Products of Base Hydrolysis OfKtII)2CoO3POC6H4NO2]ClO4. The 
complex, at a concentration ~5 X 1O-4 M, was allowed to react for 
10? 1/2 (i.e., 30 s) forp-nitrophenolate release in 0.010 M NaOH. The 
reaction mixture pH was reduced to ~6 by addition of acetate buffer 
and the cationic species, then present, separated by chromatography 
on Na+ SP SEPHADEX C25 (using NaClO4 eluants buffered to pH 
~ 5.5 with 5 X 1O-3 M acetate buffer). Three pink-violet species were 
seen. The first was readily eluted with 0.1 M NaClO4 and smeared 
on the column. Analysis showed it to contain the bulk of still coordi
nated p-nitrophenylphosphate. The second band moved slowly with 
0.1 M NaClO4 and seemed to react during the period of elution 
(bleeding forward, as if producing band 1 material). It was a minor 
component, but contained a significant amount of coordinated p-
nitrophenylphosphate. The third band required 0.2 M NaClO4 for 
its ready removal and contained no p-nitrophenylphosphate. In detail, 
the experimental procedure was as follows. 

The complex (26 mg) was dissolved rapidly by stirring the solid in 
NaOH (10 mL, 0.010 M). After 30 s, 5 mL of 0.5 M 1:1 HOAc/ 
OAc - buffer was added to reduce the pH to ~6. The solution was 
absorbed as quickly as possible on a short column of Na+ SP SE-
PHADEX C25 with gentle suction, the reaction flask being rinsed 
with 50 mL of H2O. After absorption the column was washed with 
75 mL of H2O and the initial effluent, rinse effluent, and water wash 
were combined. A final wash (50 mL) was kept separate and analyzed 
to see if all nitrophenol and nitrophenylphosphate had been washed 
from the column. Elution with 0.1 M and then 0.2 M NaClO4 was 
carried out to reveal three pink-violet species. All eluates were ana
lyzed for nitrophenylphosphate by heating aliquots with 1 M HCl for 
4 h at 100 0C, adding excess NaOH and recording the absorbance due 
to nitrophenolate (400 nm, c 18 700 M - 1 cm -1). The initial effluent 
plus H2O wash was analyzed for nitrophenylphosphate and nitro
phenol by measuring the nitrophenol absorbance on a basicified ali
quot before and after acid hydrolysis. 

A duplicate experiment was conducted in which the quenched re
action mixture was adsorbed under gravity on the resin in the hope 
that this would lead to less smearing of the first complex band, but in 
the much longer time then required for chromatographic treatment 
it seemed that considerable reaction had occurred. 

18O Tracer Experiment. [Co(In)2(O3POC6H4NO2)JClO4 (0.5 g) 
was suspended in 0.1 M NaOH (10 mL) containing ~5 atom % 18OH2 
for 5 min at 25 0C. Over this period the complex largely dissolved with 
rapid formation of free nitrophenolate and free p-nitrophenylphos
phate ions. The solution was sampled and ' 8O enriched water distilled 
under vacuum. Ba(C104)2 (0.5 g) was added to the filtered solution 
to precipitate the nitrophenylphosphate cleaved from the Co complex. 
After 10 min the barium nitrophenylphosphate was collected, washed 
several times with ice water and dried in vacuo over P2Os for 2 days. 
Anal. Calcd for C6H4O6NPBa: P, 8.74; Ba, 38.75. Found: P, 8.8; Ba, 
37.5. 

Barium nitrophenylphosphate (~50 mg) was heated with an 
HgCl2/Hg(CN)2 mixture for 12 h at 400 0C. The condensable gases 
were then passed through a gas chromatograph and the CO2 trapped. 
The solvent distilled from the reaction mixture (1 mL) was equili
brated with CO2 (~2 mL) of normal enrichment at 70 0C. The CO2 
samples were then analyzed using a Mass Atlas M86 mass spec
trometer to detect the 46:44 mass ratio, normal CO2 R = 0.004028; 
solvent enriched CO2 R = 0.09613; phosphate enriched CO2 R = 
0.005242. 

Kinetics. The majority of kinetic measurements were in aqueous 
solution at 25.0 ± 0.05 0C and an ionic strength (M) of 0.5 M, with 
NaClO4, or NaNO3 as background electrolyte. Solutions of [Co(tn)-
203POC6H4N02]C104 were prepared freshly for each kinetic de
termination by dissolving the complex in ~1 mL of Me2SO which was 
then diluted with water, or in a large volume of water directly to give 
a 2 X 1O-4 M solution. Within 30 min an aliquot of this solution was 
mixed with an equal volume of buffer containing the background 
electrolyte. The NaClO4 and NaNO3 backgrounds gave kinetic results 

which were indistinguishable, except that at pH < 10 the experiments 
using NaClO4 required the presence of a trace OfMe2SO to prevent 
the precipitation of the reactant. 

The following buffers were used (0.025 M buffer and y. = 0.50): 
pH 6.33, 7-collidine; 7.54, Tris; 8.56, Tris; 9.61, diethanolamine; 
10.16, 10.93, and 11.40, triethylamine. For Tris, increasing the buffer 
concentration to 0.050 M had no observable effect on the rates. For 
high pH aqueous sodium hydroxide was used, with concentrations in 
the reaction solutions of 5.00 X 1O-3 M, 5.00 X 1O-2 M, and 0.500 
M. 

Generation of p-nitrophenol was followed in most cases by spectral 
measurements at 398 nm. At this wavelength «forp-nitrophenolate 
was 18 700 for 10"4 M solutions in 0.50 M NaClO4, at pH 10.93 and 
9.61. The apparent«values were also measured for pH 8.56 (18 200) 
and 7.54 (14 400) to determine the concentrations of released p-ni-
trophenol at these values. For kinetic measurements at pH 6.33 (0.025 
M 7-collidine buffer) aliquots of reaction solution were mixed with 
0.100 M Tris buffer of pH 8.5 to determine the released p-nitrophenol. 
At 398 nm, in comparison top-nitrophenolate, the absorbancy coef
ficients of the reactant complex and other products are small. The 
specific values of € for these species are required for establishing the 
yields of p-nitrophenol. A small correction for the cobalt(III) residue 
([Co(tn)2P04]° (t 73) or [Co(tn)2(OH)2]

 + (e 54)) amounting to only 
~ 1 % of the total change in absorbance was applied. 

Pseudo-first-order rate plots (log (A„ — A1) vs. t) were linear to 
at least 3 half-lives. For the purpose of obtaining rate constants, as 
well as yields, the values of A^ were usually taken after the reaction 
had proceeded for 8 half-lives. A further very slow production of p-
nitrophenolate was observed for most solutions, but increases in the 
absorbance over the next several half-lives amounted to not more than 
2% of the total p-nitrophenol released, and had no significant bearing 
on the values of the rate constants for the much faster pseudo-first-
order process. 

Structural Analysis of [Co(en)2P04]. Bis(ethylenediamine)phos-
phatocobalt(III) crystallizes from water as mauve-red diamond 
shaped plates. All diffraction measurements were made on crystals 
mounted with the longest body diagonal set parallel to the goniometer 
rotation axis. Preliminary precession and Weissenberg photographs 
showed the crystals to be triclinic, PX or Pl, with the centric space-
group (Pl) confirmed by subsequent solution and refinement of the 
structure. The measured crystal density (dm = 1.76 g cm-3, flotation 
in aqueous ZnBr2) requires four cobalt phosphate molecules and ten 
waters of crystallization in the primitive unit cell (dQ = 1.74 g cm-3). 
Precise cell dimensions and the diffractometer orientation matrix were 
obtained by least-squares refinement of the diffractometer centered 
setting angles of 12 high angle reflections." Crystal data:l2_CoP-
C4N404Hi6-2.5 H2O, mol wt 318.9 daltons, space group Pl, a = 
12.207 (1) A, b = 9.182 (1) A, c = 12.038 (1) A, a = 64.205 (8), 0 
= 89.117 (8), 7 = 88.947 (9)°, V = 1214.6 A3, dm = 1.76 g cm"3, Z 
= 4,dc= 1.74 gem"3, X(CuKa1) = 1.54051 A, M(CU Ka) = 123.4 
cm"1, F(OOO) = 668 e. 

Cell dimensions and all reflection data were collected from a crystal 
with approximate dimensions measured along the crystal edges ([101 ], 
[101], and [Oil], respectively) of 0.028 X 0.023 X 0.005 cm. Data 
(4400) were collected (reflection forms +h, ±k, ±1; 3 < 28 < 125°) 
on an automated four-circle diffractometer with graphite-mono-
chromated (monochromator 28 = 26.50°) Cu Ka radiation, a tube 
takeoff angle of 3.5°, and at a constant temperature of 20 ± 1 °C. 
Each reflection was scanned using the 6-29 technique (scan rate 
2°/min) from 1° below the calculated Cu Kai position to 1° beyond 
that of the Cu Ka2 maximum. Backgrounds were counted for 10 s at 
either end of the scan range. Three reflections (0,0,-8; 0,7,7; 10,0,0) 
were measured every 40 data as a check on crystal deterioration and 
instrument instability. A steady time-dependent decay averaging 18% 
over the period of the data collection was noted. This was corrected 
for by applying scale factors, calculated by least squares from the 
standard reflection intensities, to each batch of 40 data. Lorentz, 
polarization, and absorption13 corrections were applied and after 
merging a set of 3046 unique data with / > 3<r(/)14 was ob
tained.'5 

The cobalt and phosphorus atoms were all located from an un-
sharpened Patterson synthesis and the remaining nonhydrogens found 
in the succeeding heavy atom phased maps. The structure was refined 
anisotropically by least squares in two large blocks. The first contained 
all the parameters of the two independent [Co(en)2P04] molecules 
and the second the coordinates and temperature factors of the five 
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Table I. Hydrolysis ofp-Nitrophenylphosphate Promoted by trans-[Co(tn)2(OH){OH2)]
2+. 

[Co complex] X 104, M [PNPP] X 104, M" pH Buffer k X 104, S-

25.0 
50.0 
50.0 
50.0 
50.0 
50.0 
50.0 

1.00 
1.00 
2.00 
2.00 
1.00 
1.00 
1.00 

6.7 
6.7 
7.54 
7.54 
7.54 
8.56 
9.61 

self-buffered 
self-buffered 
Trisc 

Trisc 

Trisc 

Trisc 

Diethanolaminec 

0.015 
0.015 
0.036 
0.50 
0.50 
0.50 
0.50 

0.97 
0.91 
1.69 
1.21 
1.18 
0.50 
0.10 

" PNPP = p-nitrophenylphosphate (disodium salt). * 25.0 0C. c 0.025 M. 

Table II. Stoichiometry for [Co(In)2PO3OC6H4NO2]ClO4 Hydrolysis in NaOH Solutions, 25 0C" 

NaOH, M Quenching time, s xt\/2 p-Nitrophenol,* % PNPPC uncoordinated,c PNPP^ on Co(III), % 

0.005 
0.005 
0.005 
0.01e 

23 
1.20 

900 
30 

4 
20 

160 
10 

35 
38 
39 
41 (42) 

28 
38 
54 
30 (44) 

37 
24 
7 

29(14) 

" Ionic strength 5.1 X 1O-3 M. * Equal top-nitrophenolate produced after indicated number of t]/2.
 c PNPP, p-nitrophenylphosphate re

covered. d Retained on the column and calculated by difference (100% minus sum of columns 3 and 4, total recovery 97%). e Values measured 
from the separations carried out by ion exchange, total recovery 83 ± 1%. Values in parentheses obtained under different elution conditions; 
see Experimental Section. 

independent water oxygens. The scattering factors used were those 
compiled by Cromer and Waber16 with the anomalous dispersion 
corrections for cobalt and phosphorus as given by Cromer.17 The 
quantity minimized was 2H>(|F0 | - |FC|)2 where the weight W = 
[tf(F0)]-

2.18 Upon convergence of the refinement, hydrogen atoms19 

were added into the structure factor calculation with isotropic tem
perature factors set at 1.1 times that of the equivalent B value of the 
parent atom. Hydrogens attached to the Co(en)2P04 molecules were 
placed by calculation (C-H = 0.95 A, N-H = 0.87 A)20 and those 
on the waters were positioned from peaks found at reasonable locations 
in the difference maps. Refinement of the nonhydrogen parameters 
was continued and the hydrogen locating procedures repeated when 
the calculated shifts became insignificant. A final two cycles of re
finement gave R1 = 2( | |F0 | - |FC | | ) /2|F0 | = 0.063, R2 = [2H>(|F0 | 
- IFCI) 2ZSWIF 0 I 2 ] 1 / 2 = O.IOO and the estimated standard error in 
an observation of unit weight (=[2w(|F0 | - |Fc|)

2/(observations 
- parameters)] 1Z2) of 1.29 for the 3046 observed data. All parameters 
had shifts less than 0.5 times their esd and inspection of the weighting 
scheme analysis showed no systematic error dependence on either F0 
or (sin 6)/X. The final difference map showed no peaks greater than 
0.75 e A""3, the largest of which were all associated with the heavy 
atoms. 

Results 

Hydrolysis Promoted by frans[Co(tn)2(OH)(OH2)]2+. Pre
liminary experiments demonstrated that hydrolysis of 
Na 2O 3POC 6H 4NO 2 was greatly enhanced by the trans-
hydroxo aqua complex. The kinetics of hydrolysis for these 
conditions with excess complex were followed spectrally (398 
nm) at pH 7.54, 8.56, and 9.61. First-order rate constants for 
the production of p-nitrophenolate (>95%) (Table I) are es
sentially independent of the complex and the nitrophenyl-
phosphate ion over the concentration range used. These results 
indicate that the hydrolysis rate is not dependent on the rate 
of coordination of the ligand to the complex ion. However the 
decrease in the rate of hydrolysis with increasing pH indicates 
that the rate of entry of the phosphate ester is inhibited by the 
shift from the hydroxo aqua complex to the dihydroxo 
species. 

Stoichiometry of Hydrolysis of [Co(tn)2(03POC6H4N02)]-
CIO4. Total p-nitrophenylphosphate in the initial complex was 
analyzed independently of the microanalytical data by hy-
drolyzing the p-nitrophenolate ion (7%) from the complex and 
the nitrophenylphosphate ion from the cobalt center in 2 M 

NaOH. Hydrolysis of nitrophenol from the phosphate residue 
in acid conditions accounted for 90% of the total amount of 
p-nitrophenol, so that total recovery was 97%. 

Some experiments also detected p-nitrophenylphosphate 
coordinated to the cobalt center after the initial hydrolysis of 
p-nitrophenolate ion was complete. Freshly dissolved 
[Co(In)2(O3POC6H4NO2)IClO4 (2 X 10~4 M) was treated 
with an equal volume of NaOH solution (0.0100 M). In sep
arate experiments these solutions were quenched with HCl (to 
pH ~ 3) after 23, 120, and 900 s (corresponding to 4, 20, and 
160 t\/2 for hydrolysis to p-nitrophenolate ion at this ionic 
strength). An aliquot of each quenched solution was used to 
determine the yield of p-nitrophenolate ion and the bulk of 
each quenched solution was adsorbed on a cation exchange 
resin (H + form) which was then eluted with dilute HClO4 (pH 
~ 3). The effluent solution and washings were sampled for 
p-nitrophenolate before hydrolysis of any p-nitrophenyl-
phosphate (in 1 M HCl at 100 0 C for 4 h). The solutions were 
made alkaline with NaOH and the p-nitrophenolate deter
mined spectrophotometrically. The results for these experi
ments are given in Table II. 

Approximately 65% of the nitrophenyl residue remained 
bound to the phosphate after the initial hydrolysis. Of this 37% 
was attached to cobalt after At 1/2 for the hydrolysis reaction 
and this fraction was captured on the cation exchange column. 
The remaining 28% passed through as/?-nitrophenylphosphate. 
After longer periods more of the p-nitrophenylphosphate was 
cleaved from the cobalt residue and after 160? 1/2 only 7% of 
the phosphate ester remained attached to cobalt. 

The attachment of a portion (37-41%) of thep-nitrophen-
ylphosphate to the cobalt ion was proved by adsorbing the re
action mixture on a cation exchange column and eluting with 
0.1-0.2 M in NaClO4 . Released p-nitrophenol and p-nitro-
phenylphosphate were monitored. In an independent experi
ment [Co(tn)2P04] was retained on the ion-exchange resin 
presumably through ring opening and protonation to produce 
a cation and it therefore contaminates band 1 or 2. The results 
are shown in Table II (row 4) and it is seen that they differ 
except for the amount of p-nitrophenol produced. The differ
ences come from the times used to elute the complexed p-ni-
trophenylphosphate and the details are given in the Experi
mental Section. It is clear that some hydrolysis of the mono-
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Table III. Yields and Rate Constants for Production of p-
Nitrophenyl from [Co(In)2(O3POC6H4NO2)]+ in Aqueous 
Solution 

PH 

6.33 
7.54 
8.56 
9.61 

10.16 
10.93 
11.40 
11.53«-

12.53f 

13.53' 

Buffer 

7-Collidinerf 

Trisrf 

Trisrf 

Diethanolamine'' 
Triethylamine 
Triethylamine 
Triethylamine 
5.OX 10-3M 

NaOH 
5.0X 10-2M 

NaOH 
0.50M 

NaOH 
0.50 M NaOH 
2.00 M NaOH 
5.0X 10-3M 

NaOH 

* , s - ' b 

8.4 X 10~5 

1.02 X 10~4 

1.33 X 10-4 

4.54 X 10-4 

1.72 X 10-3 

8.02 X IO-3 

2.11 X 10~2 

2.56 X 10"2 

2.39 X IO"1 

2.64 

0.99/ 

0.12« 

^OH, 
M - ' s - ' 

5.1 

4.8 

5.3 

Yield/ 
% 

36 
30 
33 
37 
36 
40 
40 
39 

33 

14 

7 

" 25.0 0C; ionic strength = 0.50, except for last three entries; initial 
concentration of [Co(In)2PO3OC6H4NO2]+ ~ IO"4 M. b Each entry 
is average of at least two values which differ by not more than 10%. 
c Yield (%) = percentage of complex hydrolyzed top-nitrophenol(ate) 
after 8 half-lives for first-order process. d 0.025 m. e pH taken as 
—logioflH+ with an activity coefficient of 0.68 s. J. F. Kirsch and W. 
P. Jencks, J. Am. Chem. Soc, 86, 837 (1964)./Ionic strength 1.0 
m. 

k 
sec - 1 ) 

l 

10"' 

IO"2 

IO"3 

IO'4 

- I I I 

T 

• 

! 

-

~ 

-

! / 

/• 

Zo- "^^^ ' 

r —r 1 — r— ••. 

/ -

/ 
/ ~ 

I 

/ 1 
o/ 

'. 

" 

I I I .-
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pH 
Figure J. pH dependence of the rate constant (at 25 0C) for production 
of>nitrophenol from [Co(tn)2(03POC6H4N02)]+. 

dentate p-nitrophenylphosphate to jD-nitrophenol occurs 
during this elution process. 

Hydrolysis Of[Co(In)2O3POC6H4NO2]ClO4. The hydrolysis 
of /?-nitrophenol(ate) from the complex was followed spec-
trophotometrically near 400 nm from pH 6 to 13.5 at 25 0 C. 
A pseudo-first-order process for the production of p-nitro-
phenol(ate) was observed with yields ~ 3 5 % except at pH > 
13 where the yield of p-nitrophenolate ion decreased as the 
O H - concentration increased. This rapid reaction was followed 
by a much slower process (> 100-fold) which also released 
p-nitrophenolate ion, but which did not complicate the ob
servation of the kinetics for the initial burst of p-nitropheno-
l(ate). The results of the kinetic study are given in Table III 
and Figure 1. 

The data indicate a first-order dependence of the initial 
hydrolysis on the O H " concentration in the basic region, ap
proaching a limiting rate in neutral to slightly acid conditions 
such that: 

<obsd = A: H 2O + k OH [OH" 

where /CH2O = 7 X 1O-5 s~' and A-OH- = 5.1 M - ' s~' based on 
the O H - concentration. The rate constants were independent 
of the buffer or the buffer concentration. 

The hydrolysis was also followed crudely by 1H NMR 
spectroscopy in dimethyl-^ sulfoxide-D20 mixtures (2:1 by 
volume). Limited solubility of the complex precluded use of 
D2O as the sole solvent. Some results of the NMR study are 
shown in Figure 2. The signals displayed are for the aromatic 
protons and the chemical shifts and coupling constants coincide 
with the conversion of chelated p-nitrophenyl phosphate to free 
nitrophenol. The half-life under these conditions is ~ 1 day (k 
~ 8 X 1O-6 s_1) and the reactions proceed with the develop
ment of the yellow color due top-nitrophenolate ion. 

In the mixed solvent with the complex at the high concen
tration needed for detection of NMR the hydrolysis proceeds 
essentially to completion (~90%). Presumably this arises from 
recombination of /?-nitrophenylphosphate ion and [Co-

3 days 
Wvr"V 

1 day 

Figure 2. The change in aromatic proton resonances during hydrolysis of 
[Co(In)2(O3POC6H4NO2)]+. 

(tn)2(OH)(OH2)]2+, a process which is minimized in the more 
dilute spectrophotometric reaction mixtures. 

18O Tracer Study. The hydrolysis of [Co(tn)2(03PO-
C6H4NO2)]+ ion in 0.1 M NaOH containing 4.586 atom % 
H2

18O showed that the barium nitrophenylphosphate salt, 
which was isolated, contained little of the isotopic enrichment 
of the solvent, 0.261 atom % H2

1 8O. The small enrichment 
observed over the normal isotopic enrichment of 18O (0.201 
atom %) may be attributed to a small amount of Ba3(P04)2 

arising from the abstraction of P O 4
3 - ion by Ba2+ from the 

[Co(In)2PO4] complex or residual 18OH2 in the lattice. Blank 
experiments showed that solutions of Ba2+ and [Co(tn)2P04] 
slowly deposit the barium phosphate as a gelatinous mass. 

Sargeson et al. / Cobalt(III)-Promoted Hydrolysis of a Phosphate Ester 
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Table IV. Final Atomic Parameters with Their Esd's for Phosphatobis(ethylenediamine)cobalt(III)a 
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Description of the [Co(en)2P04] Structure. The final refined 
atom parameters are given in Table IV. Figure 3 is a per
spective view of the two independent [Co'^en^PO,,] mole
cules contained in one crystallographic asymmetric unit. The 
structures shown here have the A-(XX)- and A-(SS)- confor
mations, although in the crystal the mirror images of both 
molecules also occur. Molecule 1 is thus present with the 
conformations A-(XX) and A-(55)- as is molecule 2. Equivalent 
bond lengths and angles (Table V) show few significant dif
ferences and the few exceptions are probably due to the non-
equivalent crystal environments. The ethylenediamine chelate 
rings have dimensions similar to those found for other Com(en) 
complexes.2'-24 The Co-N distances vary between 1.939 and 

1.958 A (3<T) while the in-ring angles at the cobalt are all close 
to 86°. Torsion angles are listed in Table VI. 

Figure 4 shows the mean bond lengths and angles for the 
coordinated phosphate ring. The Co-P distance for molecule 
1 is 2.549 (2) A, while that for the second molecule is 2.559 (2) 
A. The atoms of the four-membered ring in molecule 1 do not 
significantly deviate from the mean plane25 0.3405.Y + 
0.9373F - 0.0741Z - 5.4604 = O, although in molecule 2 both 
oxygens lie about 0.038 A above the best plane -0.3787A7 — 
0.6343 Y - 0.6740Z + 4.1918 = 0. The phosphorus P(2) thus 
lies 0.067 A above the O-Co-0 plane (toward 0(23)) and 
probably reflects the differences in the hydrogen bonding of 
the two phosphates. 

Journal of the American Chemical Society / 99:8 / April 13,1977 
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Table V. Bond Lengths and Angles for [Co(en)2P04]-2.5H20 

Co-N(I ) 
Co-N(2) 
Co-N(3) 
Co-N(4) 
Co-O(I) 
Co-0(2) 
Co-P 
P-O(I) 
P-0(2) 
P-0(3) 
P-0(4) 
N( I ) -C( I ) 
C( l ) -C(2) 
C(2)-N(2) 
N(3)-C(3) 
C(3)-C(4) 
C(4)-N(4) 

N( l ) -Co-N(2) 
N( l ) -Co-N(3) 
N( l ) -Co-N(4) 
N( I ) -Co-O(I ) 
N ( l ) - C o - 0 ( 2 ) 
N(2)-Co-N(3) 
N(2)-Co-N(4) 
N(2)-Co-O(l ) 
N(2) -Co-0(2) 
N(3)-Co-N(4) 
N(3) -Co-O( l ) 
N(3) -Co-0(2) 
N ( 4 ) - C o - O d ) 
N(4)-Co-0(2) 
0 ( l ) - C o - 0 ( 2 ) 
0 ( l ) - P - 0 ( 2 ) 
0 ( l ) - P - 0 ( 3 ) 
0 ( l ) - P - 0 ( 4 ) 
0 ( 2 ) - P -0 (3 ) 
0 ( 2 ) - P - 0 ( 4 ) 
0(3)--P-0(4) 
Co-N( I ) -C( I ) 
N ( l ) - C ( l ) - C ( 2 ) 
C( l ) -C(2) -N(2) 
C(2)-N(2)-Co 
Co-N(3)-C(3) 
N(3)-C(3)-C(4) 
C(3)-C(4)-N(4) 
C(4)-N(4)-Co 
Co-O( I ) -P 
C o - 0 ( 2 ) - P 

Molecule 1 

A. Bond Lengths 
1.948(6)" 
1.939(6) 
1.939(5) 
1.951 (7) 
1.948(4) 
1.927(4) 
2.549(2) 
1.560(5) 
1.574(4) 
1.510(5) 
1.513(4) 
1.467(10) 
1.519(9) 
1.487(9) 
1.500(11) 
1.532(9) 
1.482(9) 

B. Bond Angles 
85.6(2) 
93.9(2) 
93.2(2) 
94.6(2) 

169.8(2) 
91.6(2) 

178.0(2) 
90.5 (2) 
90.9 (2) 
86.8(2) 

171.4(2) 
95.8(2) 
91.2(2) 
90.5(2) 
75.8 (2) 
98.8(2) 

112.3(3) 
111.0(2) 
110.8(2) 
112.3 (3) 
111.1 (3) 
107.7(4) 
106.6(6) 
105.3(5) 
110.8 (4) 
108.2(3) 
106.6 (6) 
106.0(6) 
109.7(4) 
92.5 (2) 
92.9(2) 

Molecule 2 

1.941 (6) 
1.953(6) 
1.951 (4) 
1.958(6) 
1.948(3) 
1.940(4) 
2.559(2) 
1.578(4) 
1.58! (3) 
1.515(5) 
1.499(5) 
1.474(11) 
1.519(9) 
1.488(9) 
1.488(10) 
1.516(9) 
1.483(8) 

85.9(2) 
94.1 (2) 
91.9(2) 
94.0(2) 

169.8 (2) 
92.1 (2) 

177.0(2) 
90.2(2) 
91.6(2) 
86.0(2) 

171.7(2) 
95.9 (2) 
92.0(2) 
90.9(2) 
76.1 (2) 
98.6(2) 

Il 1.9(3) 
111.5(2) 
110.8(2) 
112.0(3) 
111.5(3) 
109.0(4) 
106.8 (6) 
106.1 (6) 
109.8(4) 
109.5 (3) 
107.3(5) 
107.0(6) 
109.9(4) 
92.5(2) 
92.7(2) 

" The numbers in parentheses are the estimated standard deviations 
in the least significant digits given. 

The chelate angle 0 ( 1 ) -Co-0(2) has a mean value of 76.0 
(2)°, which is somewhat larger than the values of 68.826 and 
69.3° 27 found for the four-membered carbonato chelate rings, 
but is much less than the normal octahedral geometry preferred 
by cobalt(III). The less strained six-membered ring of 
[Co(Cn)2HP2O7]24 has an O-Co-O angle of 92.8 (2)°. The 
two Co-O bonds (mean, 1.948, 1.933) are similar to those 
found in the pyrophosphate complex24 and other Co-oxyanion 
structures.26,28 No correlation between bond length and strain 
is evident. 

The in-ring O-P-O angle has been deformed from the un
strained tetrahedral value to 98.7 (2)° similar in magnitude 
to that found in methylethylenephosphate29 (99.1 (6)°) and 
cytidine 2',3'-cyclic phosphate (95.8 (4)°),30 while the adjacent 
bonds (mean, 1.573 (4) A) are more similar to meth-

Figure 3. Perspective view of the two crystallographically independent 
molecules of [(Cn)2CoPO4]. Fine lines indicate hydrogen bonding between 
molecules 1 and 2. 

45.8(5) 
52.0(7) 
34.5(6) 
41.1 (6) 
51.2(7) 
37.7 (7) 

-42 .2 (5 ) 
50.9 (6) 

-36 .4 (6 ) 
-38.2 (6) 

48.8 (7) 
-37 .2 (7 ) 

Co P = 2-554 
Figure 4. Mean geometry of the phosphato cobalt(lll) chelate ring. 

Table VI. Torsion Angles for [Co(en)2P04]-2.5H20 

Molecule 1 Molecule 2 

Co-N(I )-C(l)-C(2) 
N(l)-C(l)-C(2)-N(2) 
C(1)-C(2)-N(2)-Co 
Co-N(3)-C(3)-C(4) 
N(3)-C(3)-C(4) N(4) 
C(3)-C(4) N(4) Co 

ylethylcnephosphate (1.57 (1) A)2 9 and the unstrained values 
found in arginine diethylphosphatc3' (mean, 1.58 (1) A), 
magnesium diethylphosphate32 (1.563 (6) A), and ammonium 
dimethylphosphate (1.559 (7) A)3 3 than the more highly 
constrained cyclic phosphate (1.613 (4) A)3 0 . The two mo
novalent oxygens form bonds with the phosphorus of 1.513 (5) 
and 1.507 (5) A, respectively, and all O - P - 0 angles apart from 
the endocyclic one are only slightly larger than the tetrahedral 
value, ranging between 110.8 and 112.3°. This can be con
trasted with the ionic disubstituted phosphates30,33 where the 
equivalent bonds are all shorter (1.44-1.428 A) and the 
0 ( 3 ) - P - 0 ( 4 ) angle is invariably widened to about 117°. 

The arrangement of the individual molecules within the 
crystal is shown in Figure 5 and a list of all intermolecular 
approaches <3.2 A is given in Table VII. The crystal is com
posed of discrete A-(AX)-(molecule l )and A-(<5<5)- (molecule 
2) units alternating along chains approximately parallel to a 
together with the antiparallei chains of enantiomers. Molecule 
2 has rotated from the orientation of molecule 1 by about 48° 
and is bound to it by the hydrogen bonds 0(23)-N( 11) (2.953 
A) and 0 (23 ) -N( 13) (2.966 A), while 0 ( 13) can be consid
ered connected to the next molecule 2 by weak hydrogen bonds 
to N(21) (3.155 A) and N(23)(3.083 A). The antiparallei 
chains are held together by a number of hydrogen bonds which 
vary in length between 2.820 and 3.154 A to bind the whole 
into a solid framework. In addition the five water molecules 
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Figure 5. Stereoview of the unit cell contents of [(en)2CoP04]-2.5H:0. Fi 

Table VII. lntermolecular Contacts (<3.2 A) in the Crystal 
Structure of [Co(en)2P04]-2.5 H2O 

Atoms Symmetry 
A 

N ( I l ) 
N ( I l ) 
N(12) 
N(13) 
N(13) 
N(14) 
0(13) 
0(13) 
0(13) 
0(13) 
0(14) 
0(14) 
N(21) 
N(21) 
N(22) 
N(24) 
N(24) 
0(22) 
0(23) 
0(24) 
OX(I) 
OX(I) 
0X(2) 
OX(2) 
0X(3) 

B 

0(23) 
0(14) 
0(24) 
0(23) 
0(23) 
O ( l l ) 
N(21) 
N(23) 
N(23) 
OX(4) 
N(22) 
OX(I) 
0(21) 
0(24) 
OX(3) 
0(21) 
OX(2) 
0X(2) 
0X(3) 
OX(5) 
0X(4) 
0X(5) 
0X(3) 
OX(5) 
OX(4) 

d (A-B) , A 

2.953 
3.051 
2.899 
2.996 
3.063 
2.925 
3.155 
3.006 
3.083 
2.725 
2.820 
2.625 
3.125 
3.099 
3.153 
2.936 
3.154 
2.853 
2.786 
2.721 
2.762 
2.694 
2.756 
2.684 
2.824 

operation" 

X, >', Z 

1 — x, —y, 1 —z 
1 — x, 1 - v, — z 
x, y, z 
1 - x , 1 - y,-z 
1 - x, - v , 1 - z 
1 + x, y, z 
1 - x, —y, 1 - z 
1 + x,y, z 
1 - x , 1 -y, 1 -
1 — x, —>', 1 — z 
1 + x, y — y, z 
—x, 1 — >'. —z 
—x, 1 — y, —z 
x, y, z 
—x, 1 — y, — z 
x, y — 1, z 
x, y — l , z 
X, J\ Z 

1 — x, 1 — y, —z 
—x, 1 - >', 1 — z 

* - >•• .y. z 

x, v, r 
1 — x, 2 — y, — z 
x, y, z 

0 To move atom B into contact with atom A. 

of crystallization lie in a zigzag chain (parallel to the (Oil) 
plane) between the antiparallel chains of phosphates binding 
strongly to each other and to the phosphate oxygens. The 0 - 0 
distance for these bonds varies between 2.625 and 2.853 A. 
Each monovalent phosphate oxygen is bound to one of the 
waters as is 0(22) (0(22)-OX(2), 2.853 A), although the 
equivalent 0(12) remains free. It may be that it is this addi
tional hydrogen bond which distorts the coordinated phosphate 
ring of molecule 2 into its observed nonplanarity. 

Discussion 

The characterization of [Co(In)2(O3POC6H4NO2)IClO4 
as an anhydrous salt along with its behavior as a mononuclear 
monovalent cation on neutral cation-exchange resins is direct 
evidence for the phosphate ester being bound as a chelate. This 
assertion is also supported by the kinetic, tracer, and stoichi-
ometry results. All indicate competitive paths for the hydrolysis 
reaction; one involving cleavage of p-nitrophenol, the other 
involving cleavage of the chelate ring at one Co-O bond. In 
addition there is a slower consecutive process which involves 
the cleavage of the monodentate p-nitropheny !phosphate from 

ie lines represent some of the hydrogen bonding which is present. 

the Co(III) center. The stereochemistry of the monodentate 
species was not ascertained, but other studies8 with bis(tri-
methylenediamine)cobalt(III) ions indicate that the cis-trans 
rearrangement should be rapid and should favor the cis con
figuration. Except for the highly basic conditions both the base 
independent path and the path first order in OH - give 35 ± 
5% release of p-nitrophenol and [Co(tn)2P04]. The path first 
order in OH - which gives the initial burst of p-nitrophenol is 
interpreted as attack of O H - at the phosphorus atom of the 
chelated ester dianion, Figure 6 (path a). Simultaneously 
~65% Co-O cleavage occurs and the stoichiometry experi
ments show that after 4 half-lives for the loss of />-nitrophenol, 
37% of the total phosphate is still bound to cobalt(III) as the 
monodentate ester and 28% has been cleaved totally from the 
Co(III) center as p-nitrophenylphosphate. Both of the last 
reactions are consistent with the conjugate base mechanism 
(SNICB) for hydrolysis of many anion ligands from analogous 
Co(III) amine complexes, Figure 6, path b. The preliminary 
step is a preequilibrium deprotonation of a trimethylenedi-
amine-NH2 group followed by dissociation of one end of the 
phosphate chelate as a rate-determining process to give a 
five-coordinate intermediate. Water capture by this interme
diate yields the hydroxo or aqua phosphate ester complex. 
Complete loss of ester from the complex then occurs by the 
same type of mechanism to give the dihydroxo or hydroxo aqua 
ion. The 18O trace experiment supports this path over that of 
ring opening occurring by P-O rupture in the five-coordinate 
phosphorus intermediate. Clearly the latter should lead to one 
oxygen enriched in the monodentate ester and at least one in 
the cleaved ester dianion, whereas only 1.4% of the total 18O 
label is incorporated. 

We considered trying to separate the Co-O, P-O cleavages 
by varying the temperature, but inspection of relevant data on 
P ester cleavage and Co-OPO3 cleavage indicated the acti
vation energies were both in the vicinity of 30 kcal/mol and 
little discrimination could be expected. 

The most significant result observed was the rapid hydrolysis 
of p-nitrophenylphosphate. The extrapolated rate constants 
for hydrolysis of the free ester and those observed for the 
chelated ester are given in Table VIII. The greatest difference 
occurred in the alkaline region where an acceleration ~109 was 
observed for the chelate. The magnitude of this effect can be 
largely accommodated by the type of strain relief proposed by 
Westheimer et al.34 to explain the accelerations observed with 
methylethylenephosphate and five-membered cyclic phos-
phonates relative to analogous esters lacking strained rings. 

The proposal for the mechanism for the chelated ester hy
drolysis is depicted in Figure 6, path a. We presume base attack 
occurs to generate the five-coordinate phosphorane with OH -

initially in an apical position and that pseudorotation then 
occurs with - O - as the pivot group. This introduces OH into 
an equatorial position and allows /?-nitrophenol to leave from 
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Table VIII. Comparison of Rate Constants (s - ' ) for Hydrolysis of 
Chelated and Uncoordinated p-Nitrophenylphosphate at 25 0C. 

PH PNPP" [Co(tn)2PNPP] + Rate ratio 

7.5 
10.2 
13.5'' 

5.7 X 10-9 

1.4 X 10~9 

2 X 10"9 

1.2 X 10-
1.4 X 10-
2.6 

2 X 104 

10" 
1̂O9 

" Extrapolated from the data of A. J. Kirby and W. P. Jencks, J. 
Am. Chem. Soc, 87, 3209 (1965). * PNPP = p-nitrophenylphos-
phate. ' 0.50 M NaOH. 

an apical site. The mechanism is consistent with the general 
features of organic phosphorus ester chemistry,5 but there are 
some aspects of the behavior of the metal chelate which con
trast sharply with the base hydrolysis of methylethylene-
phosphate. For example, in the pH range 9-14 the latter hy-
drolyzes almost solely by ring opening.35 For the inorganic 
chelate only exocyclic P-O hydrolysis is observed. This result 
is somewhat surprising, since the four-membered ring should 
open more readily than the five-membered ring. In part the 
problem is resolved by Co-O bond rupture occurring in com
petition with that of P-O. Generally, Co-O cleavage would 
be expected to be the more facile process in such chelates.36 

For organic phosphates, esters containing five-membered rings 
are much more reactive than their acyclic counterparts and also 
their homologues containing six- and seven-membered rings.37 

We can anticipate, therefore, that four-membered cyclic esters 
will be very reactive and the metal chelate approximates this 
situation. The present results do not indicate whether reaction 
may be further facilitated by proton transfer within the 
phosphorane intermediate, allowing the neutral phenol to be 
the leaving group, as no general-base catalysis was seen. Proton 
transfer catalyzed by water would, however, lead to a de
composition pathway without charge separation, which would 
deliver nitrophenol and the chelated phosphato complex, the 
thermodynamically favored forms,38 as the immediate prod
ucts. Additional rate enhancement due to the metal ion may 
arise as a consequence of charge neutralization.4,39 Hydroxide 
ion should add more readily to the cationic complex than to the 
dianion of the uncoordinated ester, though some evidence exists 
that such effects of charge on rate are not large.40 

The strain in the parent chelate is real enough if the geom
etry of the chelated ester parallels that observed for the che
lated P043~ ion. Here the Co-O-P-O ring is essentially pla
nar, Figure 4, the 0 - C o - O angle is 76° and the O - P - 0 angle 
is 98.7°. The preferred angles would be 90 and 109°, respec
tively, to preserve the octahedral and tetrahedral geometries. 
The Co-O-P angles are ~103° and the Co-P distance is 2.54 
A, which is extraordinarily short and close to the sum of the 
covalent radii for Co (1.22 A) and P (1.10 A). Usually the 
Co-Co distance in Co-OH-Co-OH dimers, for example, is 
~2.9 A and the Co-O-Co angle ~90-103°.4 1 Widening the 
O-P-O angle to 108° while keeping the bond lengths constant 
improves the geometry at the O-Co-O angle relative to the 
strain free value, but now the Co-O-P angles are more strained 
(~80°) and the Co-P distance becomes less than the sum of 
the covalent radii (2.2 A). The last effect may be an important 
factor and recent accurate crystallographic studies have shown 
that in Co(III) complexes containing either NH3 or C N - the 
integrated electron density about Co in a sphere of radius 1.22 
A is 26.3 and 26.7 ± 0.3 e, respectively. This is probably the 
best evidence for the Pauling electroneutrality principle and 
provides us with a realistic minimum distance for the approach 
of another nonbonded atom to Co(III) in this type of molecule. 
The analysis indicates that the chelated phosphate ring is 
strained not only by bond angle strain, but also by the prox
imity of the Co and P atoms. In the five-coordinated P inter
mediate it is likely that the apical and equatorial P-O bonds 

Path a 

\ o ^ \ ^O OH" 

H2N^ I \ - ' ^OffTl 
NH2 

^ O H " Path b 

(tn)-Co—O r<N, 

° -^o ' 
OH 

NO, 

C 
HN 

NH, 

/KX H 2 N ' J - 0 
^ N H 2 

PNH2 

H N N J 
Co 

(O] ""''U-Lx 
(S) 

NO2 

H2N' 0 — P \ „ . ~ ^ 
\ J . H . & °(5)NC, 

.0 O 
(In)2Co / P \ + H 0 ( 5 ) N 0 2 

X 0 ^ X 0 

H2O 

OH Q-

(In)2Co <Pr— 0 © N 0 . , 
/ 0 H + /-\ 2" 

- i r B "H)2Co + 0 3 P0<O>N0 2 
SN ICB \ Q H ^ 

OH" 

Figure 6. Reaction pathways for the base hydrolysis of [Co(tn)2OiPO-
C6H4NO2]+. 

will differ and reasonable estimates are 1.75 and 1.63 A, re
spectively.43 Using these bond lengths with the measured Co-O 
bond lengths, the geometry of the chelate with a 90° O-P -O 
angle is calculated as Co-O-P angles of 95 and 99° and the 
0 - C o - O angle is unchanged at 76°. The calculated Co-P 
distance under these circumstances is 2.75 A, which would 
relieve the nonbonded interaction between the Co and P atoms. 
Moreover, the chelate angle subtended at phosphorus is strain 
free and the strain in the Co-O-P angles has been relieved. 
Only the O-Co-O angle remains strained to the same degree 
as the reactant. In short, there is good evidence for strain in the 
four-membered chelate which would be relieved in a five-
coordinate intermediate. Also the O-P-O angle for the chelate 
is essentially the same as that for the the ethylenephosphate 
chelate. These effects must contribute to the rate enhance
ments observed, but it is difficult to quantify them until our 
knowledge of the force fields and geometries of the five-coor
dinate P intermediates improves. 

The slow secondary hydrolysis after the initial burst of p-
nitrophenol at high pH is accommodated by regeneration of 
some chelated phosphate ester from the monodentate ester 
complex in competition with the cleavage of the ester ligand 
from the Co(III) ion. Alternatively attack by coordinated O H -

at the phosphorus atom could be invoked. However, this re
action was much slower than the direct hydrolysis of the che
late and it was not investigated further. The rate remains linear 
in O H - even at high base concentrations, but the yields of ni-
trophenolate ion begin to fall off at the upper level. The im
plication is that either a higher order term begins to appear for 
the conjugate base path or for decomposition of the five-
coordinate phosphorane intermediate. There has been no sign 
of higher order terms for the conjugate base mechanism 
leading to cleavage of a ligand-metal bond and this path is 
therefore unlikely. However the phosphorane intermediate 
could bifurcate in the high base concentrations by deproton-
ation, to open the chelate as well as cleave the ester. Such a 
route would fit the rate and stoichiometry data, provided de
composition of the intermediate is not rate determining. A 
six-coordinate intermediate is also possible with the same re
striction. The deviation is interesting but difficult to study by 
the tracer technique, since only a small fraction of the total 
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Figure 7. A possible mechanism for the catalytic action of the metal ion 
in alkaline phosphatase. 

reaction is involved. However, some evidence for ring opening 
via O P rupture might be adduced from the experiments of 
Lincoln and Stranks44 with base hydrolysis of chelated PO43-

ion. Ring opening in basic solution occurred with 35% P-O 
rupture and 65% Co-O rupture to give the monodentate 
phosphate ion. It seems reasonable to argue that both the 
five-coordinate P intermediate path and the conjugate base 
hydrolysis path are being observed in this instance also, and 
the tracer in the PO,*3- ion could come from ring opening in 
the chelated phosphate. 

The hydrolysis data for the free ester ligand in the presence 
of a large excess of [Co(tn)2(OH)(OH2)]

2+ ion at pH 7.54 are 
consistent with the data for the chelate provided we assume all 
the ligand is chelated. In this pH region H2O exchange be
tween complex and solvent should maximize and estimates 
indicate it is very fast, f 1/2 < 1 s,8 in fact unusually fast com
pared withe/.?- or trans- [Co(Cn)2(OH)(OH2)I

2+ ion.45Cis-
trans rearrangement is correspondingly rapid8 in this condition 
and entry of ligands and rearrangement could therefore be 
rapid compared with hydrolysis of the chelated ester. At higher 
pH values the rate of hydrolysis falls off and this could be as
cribed to a depreciation in the capture of the free ligand. Both 
the dihydroxo and diaquo ions would be expected to exchange 
oxygen with the solvent more slowly than the hydroxo aqua ion 
and there is some evidence for such an effect in Table I. 

A revealing result in this context was the hydrolysis rate 
when the hydroxo aqua complex and ester were present in 
comparable concentrations (10~4 M). Under these conditions 
little or no hydrolysis was observed. The inference is that at 
these low concentrations the capture and chelation of the ester 
are not comparable with the rate observed for hydrolysis of the 
chelate and that once the ligand is lost from the metal ion it is 
not regained in the lifetime of the chelated ester hydrolysis. 

An apparent inconsistency is the equality of the rates of 
hydrolysis for the chelated nitrophenylphosphate and 
[Co(tn)2(OH)(OH2)]2+ plus nitrophenylphosphate at pH 7.5 
coupled with yields of nitrophenol of 38 and 100%, respectively. 
The results imply that under these pH conditions equilibration 
between free, monodentate, and chelate ester is faster than 
chelate hydrolysis. Such a result seems inconsistent with the 
data at high pH where monodentate nitrophenylphosphate 
hydrolyzes slowly to nitrophenol. However, it could arise if 
aqua and hydroxo ions were the reactants under the different 
conditions. If the product ratios of nitrophenol, monodentate 
ester, and free ester are constant over the pH range studied 
then a substantial amount of monodentate should be observed 
even after 20? 1 /2. However, at pH 7.5 hydrolysis of the chelated 

ester showed little monodentate nitrophenylphosphate after 
3?i/2, (~3%). This implies that the aqua monodentate cyclizes 
or loses ester at pH 7.5 faster than it hydrolyzes, whereas the 
hydroxo complex is comparatively unreactive. 

Although an x-ray crystallographic study on E. coli alkaline 
phosphatase has been commenced,46 the structure is only 
known at the moment to a 7.7 A resolution. However, it can 
be seen that large channels exist in the crystalline structure 
which would allow substrates to diffuse to the bound Zn2+ ions. 
Other studies reviewed in an article by Reid and Wilson47 have 
shown that Zn2+ or other divalent metal ions activate the en
zyme. Also there are indications that phosphate binds through 
the metal ion in the enzyme. In keeping with a suggestion by 
Spiro,48 the present study would support a role for the Zn2+ 

binding the phosphate residue as a chelate in order to activate 
the substrate, Figure 7. An adjacent nucieophile N attached 
to the enzyme, e.g.,-CH2OH, -CH2SH, imidazole, could then 
readily attack the P atom to give the strain relieved interme
diate (B), which decomposes to the alcohol ROH and the 
phosphorylated enzyme. The last appears as an established 
feature of this enzymic system. The rationale leaves the 
phosphate residue still in an activated state attached to the 
Zn2+ ion and susceptible to a new nucieophile to give trans 
phosphorylation or to a water molecule to release phosphate 
ion. 

A similar role for activation by the metal ion could be en
visaged for phosphotransferases and even in oxidative phos
phorylation. 
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One model system (to the reverse of eq 2) that has been 
examined in some detail is that of the alkaline hydrolysis of 
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Scheme I 

RCOCH2COR ^ RCOCH=CRO- + H+ (3) 

RCOCH2COR + OH" ^± RCOCH2C(OH)(0")R 

- ^ - RCOCH3 + RCO2-

RCOCH2C(OH)(O-) + OH" —RCOCH2C(0")2R 

— • RCOCH3 + RCO2-

Recently in this journal report3 was made of one such cleavage, 
that of aroylacetaldehydes, where kinetic analysis suggested 
that a variant of this mechanism must obtain; Scheme II was 
proposed. 

Scheme II 

ArCOCH2CHO=F^ArCOCH=CHO- + H+ 

ArCOCH2CHO + H2O :F=^ ArCH2CH(OH)2 

k>W£l ArCOCH2CH(OH)O" 
K-, 

ArCOCH2CHO + OH-^ArCOCH 2CH(OH)O" 
* - 2 

ArCOCH2CH(OH)O" + OH" -^*- ArCOCH3 + HCO2" 

The authors incorporated a proton transfer step to oxygen 
which could become rate determining under certain circum
stances, treated ArCOCH 2 CH(OH)O - as a steady state in-
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Abstract: A recent report3 in this journal proposed that modification of the classical Pearson and Mayerle2 mechanism for hy
drolysis of 0-dicarbonyl compounds was required in the case of substituted aroylacetaldehydes. The modification suggested 
involved proton transfer from a ketone hydrate hydroxyl group to hydroxide ion as rate limiting under some circumstances. 
We have shown by NMR measurements that rates of exchange and hydrolysis of benzoylacetaldehyde in NaOD/D20 solu
tions are comparable so that a more likely modification has the first step, proton transfer from water to carbon in forming the 
dicarbonyl compound from its enolate, of primary importance in determining the rate of alkaline hydrolysis of these com
pounds. 
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