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4 for complexes 1 and 5 and for only one pyridine ligand. The 
difference between the former total electronic energy and two times 
the energy for a single pyridine gave an estimate of the interaction 
energy. This is the interaction between two undistorted Fe3O 
complexes as a result of their two pyridine ligands overlapping. 
The values for the interaction energies are as follows: 0.44 
Kcal/mol for C6H6 solvate 4; 0.88 kcal/mol for pyridine solvate 
6; 1.11 kcal/mol for CHCl3 solvate 5; and 1.22 kcal/mol for the 
CHCl3 solvate 1. This is a variation of 0.78 kcal/mol (= 270 
cm"1), a quantity which is comparable to the quantum of the eg 

Fe3O stretching mode which is coupled to the electronic coor
dinates in these complexes. 

Concluding Comments 
For the series of /?32-symmetry complexes [Fe3O(O2CC-

H3)6(L)3]S onset of intramolecular electron transfer occurs co
operatively in a phase transition. It seems likely that changing 
the solvate molecule leads to changes in the intermolecular in
teractions via the pyridine-pyridine overlaps. 

It is also generally found that the onset of dynamics of the 
solvate molecule occurs in the same phase transition which involves 
an increase in the rate of electron transfer. Since the phase 
transition is a cooperative process, it is not perhaps appropriate 
to ask whether the onset of solvate molecule motion causes an 
increase in the rate of electron transfer or vice versa. However, 
it is fascinating that even a solvate molecule such as the C3 

symmetry CHCl3 molecule moves seemingly synchronously with 
the vibronic coordinate changes occurring in neighboring Fe3O 
molecules in complex 5. 

The van der Waals interaction between a solvate molecule S 
which is positioned asymmetrically relative to the C3 axis of a 
nearby Fe3O complex may lead to an interaction energy of only 

Currently there is considerable interest in developing catalysts 
that can cleave DNA sequence specifically. Due to the stability 
of the DNA phosphate diester backbone toward hydrolytic 
cleavage, emphasis to date has been mainly focused on oxidative 
cleavage of DNA.1 A major challenge remains in developing 
catalysts that can cleave DNA hydrolytically.2 We recently 

(1) (a) Barton, J. K. Science {Washington, B.C.) 1986, 233, 727-734. (b) 
Sigman, D. S. Ace. Chem. Res. 1986, 19, 180-186. (c) Dervan, P. B. Science 
(Washington, D.C.) 1986, 232, 464-471. (d) Moser, H. E.; Dervan, P. B. Ibid. 
1987, 238, 645-650. (e) Corey, D. R.; Schultz, P. G. Ibid. 1987, 238, 
1401-1403. (0 Chen, C. B.; Sigman, D. S. Ibid. 1987, 237, 1197-1201. 

10-100 cm"1 per solvate molecule. However, this amount of 
Fe3O-S interaction may be large enough to modify the 
ground-state potential energy surface for a Fe3O complex to 
appreciably affect the rate at which such a complex can tunnel 
from one vibronic minimum to another. It would be very in
structive if one could employ laser flash photolysis on an asym
metric complex such as [Co"Fe2

mO(02CCH3)6(py)3](py) to 
measure the rate of electron transfer (Co" —» Fe111) as a function 
of whether the pyridine solvate molecules are or are not rapidly 
jumping between the three positions on the C3 axis. We have 
already established31 with heat capacity measurements on this 
Co11Fe2

111O complex that it does have a phase transition which 
involves the onset of pyridine solvate dynamics. 
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showed that Co(III) complexes can be by far the most efficient 
in promoting the hydrolysis of phosphate diesters with good3 or 
poor leaving groups.4 Interestingly, the activity of the cobalt 
complexes is sensitive to the tetraamine ligand structure. For 

(2) (a) Dervan, P. B. Chem. Eng. News 1988, (Jan. 4), 25. (b) Basile, L. 
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Abstract: The efficiencies of three rigidly held m-aquohydroxotetraazacobalt(III) complexes [(cyclen)Co(OH)(OH2)]
2+, 

[(tren)Co(OH)(OH2)]
2+, [(trpn)Co(OH)(OH2)]

2+ in promoting the hydrolysis of bis(p-nitrophenyl)phosphate (BNPP) have 
been compared. In neutral water at 50 0C, the rate constant for hydrolysis of the phosphate diester bond in [(cyclen)Co-
(OH)(BNPP)]+, [(tren)Co(OH)(BNPP)]+, [(trpn)Co(OH)(BNPP)]+ are 4.6 X 10"1, 8.1 X 10"3, and 2.5 s"1, respectively. 
[(trpn)Co(OH)(BNPP)]+ is hydrolyzed at about the same rate as BNPP bound to a real enzyme from Enterobacter aerogenes 
and about 10'° times more rapidly than free BNPP. The dramatic increase in the activity of the Co(III) complex with change 
in the tetraamine ligand structure can be explained in terms of a detailed mechanism of the reaction. 
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example, [ ( t r i e n ) C o ( O H ) ( O H 2 ) ] 2 + is more reactive than 
[ (en) 2 Co(OH)(OH 2 ) ] 2 + . However, it is difficult to evaluate the 
structure-reactivity relationship in this system because both cobalt 
complexes undergo rapid cis-trans equilibration with the trans 
forms being inactive. We now compare the reactivities of 1, 2, 
and 3 in promoting the hydrolysis of bis(p-nitrophenyl) phosphate 
(BNPP) . 1, 2, and 3 are ideal for evaluating the structure-re
activity relationship since they are held rigidly in the cis form5 

and cannot undergo cis-trans or other similar isomerization 
processes. 

- . ^ l >(>![, 

Experimental Section 
Instruments. 1H NMR and 31P NMR were taken on a Varian XL-300 

and XL-200 spectrometers. 
Kinetic studies were carried out by a UV-vis method with a Hew

lett-Packard 8451 diode array spectrophotometer equipped with a Lauda 
RM6 thermostat. 

Titrations of the Co(III) complexes were carried out with a Radiom
eter PHM63 pH meter equipped with a Radiometer RTS822 automatic 
titrator. 

Materials. BisQ?-nitrophenyl)phosphate (BNPP) was purchased from 
Sigma. Tris(2-aminoethyl)amine (tren) was purchased from Aldrich. 
[Co(cyclen)Cl2)]Cl6 and [Co(tren)Cl2]Cl7 were prepared according to 
well-known procedures (cyclen:l,4,7,10-tetraazacyclododecane). Bis-
(2,4-dinitrophenyl)phosphate (BDNPP) was synthesized by the method 
of Milburn et al.8 

Tris(3-aminopropyl)amine (trpn). This compound had been synthes
ized previously in 40% yield.' The following procedure gave quantitative 
yield of tris(3-aminopropyl)amine. Tris(2-cyanoethyl)amine (6,13 g) and 
3.3 g of Raney nickel slurry were added to a 250-mL glass hydrogenation 
vessel containing a solution of 2.33 g of NaOH in 83 mL of 95% ethanol. 
The mixture was placed under hydrogen (40 psi) in a Parr hydrogenation 
apparatus and shaken until hydrogen uptake was complete (approxi
mately 7 h). The catalyst was vacuum filtered and rinsed with 95% 
ethanol. Ethanol was evaporated, and the residue was extracted with 
methylene chloride. The organic layer was dried over NaOH, filtered 
through anhydrous aluminum oxide, and evaporated. The crude product 
was distilled (bp 118 0 C, 0.1 mm): 1H NMR (200 MHz, CDCl3, 
(TMS)) 1.15 (6 H, s), 1.59 (6 H, q), 2.45 (6 H, t), 2.72 (6 H, t). 

[Co(trpn)Cl2]Cl. To a methanolic solution of CoCl26H20 (0.47 g), a 
solution of tris(3-aminopropyl)amine (0.37 g) in methanol (20 mL) was 
added dropwise. The solution mixture was aerated with CO2 free, dry 
air for 2 h followed by slow addition of HCl gas until some green pre
cipitate formed. After cooling the mixture in a refrigerator overnight, 
the precipitate was filtered and rinsed with absolute ethanol and ether 
and vacuum dried over P2O5 (yield 35%). 

Anal. Calcd for C9H24N4CoCl3: C, 30.06; H, 6.84; N, 15.84; Co, 
16.67; Cl, 30.08. Found: C, 29.71; H, 6.55; N, 15.88; Co, 16.83; Cl, 
30.25. 

Kinetics. The hydrolysis of BNPP was monitored by following the 
visible absorbance change at 400 nm. The reactions were carried out 
under pseudo-first-order conditions with a large excess of the cobalt 
complex over the phosphate ester. p-Nitrophenol (2 equiv) is released 
with no observable accumulation of the phosphate monoester interme
diate. The rate constants were obtained by fitting the first 3 half-lives 
of the reaction according to a first-order kinetics equation (correlation 
coefficient >0.995). Each kinetic run was reproducible to within 3% 
error. In a typical kinetics experiment, 0.01 M [(trpn)Co(OH)-
(OH2)]2+/[(trpn)Co(OH2)2]3+ solution in water was prepared by adding 
1.5 equiv of NaOH to [Co(trpn)Cl2]Cl. After 5 min (1 h for [Co-
(tren)Cl2]Cl) the solution pH was adjusted to 7.0. The rate of aquation 
of [(N4)CoCl2]Cl is sensitive to the tetraamine ligand structure.10 

Completion of aquation was confirmed by visible absorption spectra. The 

(5) Iitaka, Y.; Shina, M.; Kimura, E. Inorg. Chem. 1974,13, 2886-2891. 
(6) Koyama, H.; Yoshino, T. J. Chem. Soc. Jpn. 1972, 45, 481-484. 
(7) Hung, Y.; Busch, D. H. J. Am. Chem. Soc. 1977, 99, 4977-4984. 
(8) Rawji, G.; Milburn, R. M. J. Org. Chem. 1981, 46, 1205. 
(9) (a) van Winkle, J. L.; McClure, J. D.; Williams, P. H. J. Org. Chem. 

1966, 31, 3300-3306. (b) Bergeron, R. J.; Garlich, J. R. Synthesis 1984, 
782-784. 

(10) Basolo, F.; Pearson, R. G. Mechanisms of Inorganic Reactions, 2nd 
ed.; John Wiley and Sons, Inc.; New York, 1967. 

Figure 1. pH-rate profile for 1 (0.01 M) promoted hydrolysis of BNPP 
(IO"5 M) at 50 0C. 

pH 

Figure 2. pH-rate profile for 1 (•), 2 (A), and 3 (•) (0.01 M) promoted 
hydrolysis of BNPP (IO"5 M) at 50 0C. 

hydrolysis of BNPP was initiated by addition of 5 ^L of a 0.01 M BNPP 
stock solution in water to 3 mL of the freshly prepared 0.01 M cobalt 
complex solution at 50 0C. The pH of the reaction solution did not 
change appreciably (pH 7.0 ± 0.2) during the course of the hydrolysis 
reaction due to the buffering effect of the cobalt complex solution. 
Addition of NaClO4 (0.1 M) had no appreciable effect on the rate of the 
hydrolysis reaction. The rate constants for anation of [(trpn)Co-
(OH)(OH2)J2+, [(tren)Co(OH)(OH2)]2+, and [(cyclen)Co(OH)-
(OH2)J2+ with inorganic phosphate was obtained by monitoring the in
crease in the absorbance at 540 nm. The experimental condition for 
anation of the cobalt complexes and the experimental condition for the 
cobalt complex promoted hydrolysis of BDNPP was the same as that for 
the cobalt complex promoted hydrolysis of BNPP. 

Equilibrium. The equilibrium constant for anation of [(N4)Co(O-
H2J2](ClO4J3 with dimethyl phosphate was measured by 31P NMR 
(Figure 4). Best results were obtained when 1:1 ratio (0.1 M) of 
[(N4)Co(OHi)2] (ClO4J3 and sodium dimethyl phosphate were allowed 
to react in D2O. Equilibrium was established within half an hour for 1 
and 3 and within a day for 2 at 20 0C. 

Titration. A 10-mL, (IO"3 M) solution of [(N4)Co(OH2)2]3+ in water 
(25 0C) was titrated with a 0.01 M NaOH solution. The ionic strength 
was maintained at 0.1 M with NaClO4. 
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Table I. Observed First-Order Rate Constants for Reactions of 1, 2, 
and 3(10-2 M ) w i t h BNPP, BDNPP, and Inorganic Phosphate (10"s 

M) at pH 7.0, 50 0C6 

1 
2 
3 

BNPP 

4.6 X 10"' 
8.1 X 10"5 

2.5 x 10"2 

BDNPP 

1.1 X 10"2 
1.6 X 10-' 
1.1 X 10-'" 

PHOS 

8.7 X 10"2" 
2.5 X 10-2 
1.2" 

h 
4.6 X 10"' 
8.1 X 10"' 
2.5 

At 25 0C. 6^2 ' s a s defined in Scheme II. 

Scheme I 

A ^ i 

Table II. 
3 

First and Second Acid Dissociation Constants of 1, 2, and 

"1H /^N": 

P*a2 
5.6 
8.0 

5.5 
8.0 

4.8 
7.6 

Scheme II 

Results 
The pH rate profiles for 1, 2, and 3 promoted hydrolysis of 

BNPP is shown in Figures 1 and 2. The data were fit according 
to eq 1 (see Discussion) with a curve-fitting program based on 
the Newton-Raphson algorithm (1: k = 5.4 X 10"1 M"1 s"1, K^ 
= 3.0 X ICr6, Ki2 = 3.4 X 10"8; 2: k = 9.2 X 10"3 NT1 s"1, ATal 

= 3.0 X 10"6, Ki2 = 1.5 X 10'8; 3: k = 2.6 M"1 s"1, ATal = 3.0 
X 10"6, Ki2 = 5.3 X 10"9). The rate of hydrolysis of BNPP 
increases linearly with increase in concentration of the cobalt 
complexes (Figure 3). The slopes for 1, 2, and 3 promoted hy
drolysis of BNPP are, respectively, 4.38 X 10_1 M-' s"1, 8.14 X 
10~3 M"1 s"1, and 3.00 M"1 s"1 (correlation coefficient >0.999). 
Table I shows the observed first-order rate constants for the 
reactions of 1, 2, and 3 with BNPP, BDNPP, and with inorganic 
phosphate. 

The equilibrium constants for anation of 1, 2, and 3 with di
methyl phosphate, as measured by 31P NMR, are 4 ± 1 M"1 for 
all three complexes. Figure 4 shows a typical NMR experimental 
result for binding of dimethyl phosphate to [(trpn)Co(OH2)2]3+. 
Two isomers are possible for the cobalt bound phosphate diester 
[(trpn)Co(OH2)(OP(0)(OCH3)2)]2+ (31P NMR (200 MHz, D2O, 
trimethyl phosphate) 5 6.4, 6.7): one isomer with the phosphate 
ester adjacent to the tertiary nitrogen and the other isomers with 
the phosphate ester adjacent to the primary amine. Upon addition 
of excess dimethyl phosphate, two more NMR signals appear at 
4.9 and 5.2 corresponding to the diadduct [(trpn)Co(OP(O)-
(OCH3)2)2]+. 31P NMR of dimethyl phosphate with the cobalt 
complexes is very simple compared to 31P NMR of ATP or tri
phosphate with cobalt complexes." ATP and triphosphate being 
polyanionic have multiple interaction sites for the metal complexes, 
whereas dimethyl phosphate has only one interaction site. 

The acid dissociation constants for the two water molecules 
bound to 1, 2, and 3 are listed on Table II. The p£a values were 
reproducible to within 0.05 pH units. 

Discussion 
About 20 years ago, Spiro et al.12 showed that [(trien)Co-

(OH)(OH2)]
2"1" promotes the hydrolysis of phosphate monoesters 

(triemtriethylenetetraamine). Since then numerous articles have 
been written on various Co(III) complex promoted hydrolysis of 
phosphate monoesters.13 For example, Cornelius and Norman14 

studied 1 promoted hydrolysis of triphosphate. Milburn's group15 

studied 2 promoted hydrolysis of diphosphate as well as 3 promoted 

(11) (a) Jones, D. R.; Lindoy, L. F.; Sargeson, A. M. J. Am. Chem. Soc. 
1984, 106, 7807-7819. (b) Haight, Jr. Coordination Chem. Rev. 1987, 79, 
293-319. 

(12) Spiro, T. G.; Farrell, F. J.; Kjellstrom, W. A. Science (Washington, 
D.C.) 1969, 164, 320-321. 

(13) (a) Jones, D. R.; Lindoy, L. F.; Sargeson, A. M. J. Am. Chem. Soc. 
1983, 105, 7327-7336. (b) Milburn, R. M.; Gautem-Basek, M.; Tribolet, R.; 
Siegel, H. J. Am. Chem. Soc. 1985, 107, 3315-3321. (c) Mildurn, R. M.; 
Rawji, G.; Hediger, M. Inorg. Chim. Acta 1983, 79, 247-248. (d) Milburn, 
R. M.; Tafesse, F. Inorg. Chim. Acta 1987, 135, 119-122. 

(14) Norman, P. R.; Cornelius, R. D. J. Am. Chem. Soc. 1982, 104, 
2356-2361. 

(15) (a) Hubner, P. W. A.; Milburn, R. M. Inorg. Chem. 1980, 19, 
1267-1272. (b) Milburn, R. M.; Massoud, S. S.; Tafesse, F. Inorg. Chem. 
1985, 24, 2591-2593. 

Scheme III 

hydrolysis of ATP. We3,4 recently showed that Co(III) complexes 
give a much greater rate acceleration for the hydrolysis of 
phosphate diesters than for the hydrolysis of phosphate monoesters. 
Further, Co(III) complexes are much more reactive than any other 
types of man-made catalysts16 in promoting the hydrolysis of 
phosphate diesters. Limited studies on the effect of the tetraamine 
ligand structure on the efficiency of the Co(III) complex promoted 
hydrolysis of ATP when anation is the rate-determining step had 
been reported.17 It is well known that the rate of anation of 
Co(III) complexes is highly sensitive to the tetraamine ligand 
structure.10 Systematic studies on the effect of the tetraamine 
ligand structure on the efficiency of the Co(III) complex when 
anation is not the rate-determining step had not been done previous 
to this work. 1, 2, and 3 are ideal for studying such structure-
reactivity relationship since they exist only in the active, cis form. 
1 exists only in the cis form because of the small ring size of 
cyclen.5 2 and 3 exist only in the cis form for obvious structural 
requirements. BNPP is a suitable model for DNA since Co(III) 
complexes give comparable rate enhancements for the hydrolysis 
of phosphate diesters with good and poor leaving groups.3,4 

In solution, each of the cobalt complexes 1, 2, and 3 exists in 
three different protonation states (Scheme I). The first and second 
acid dissociation constants (K^,Ki2) of the cobalt complexes are 
listed on Table II. It is apparent from the bell-shaped pH-rate 
profile (Figure 1) that the cobalt aquo-hydroxo form is the active 
species that promotes the hydrolysis of bis(p-nitrophenyl)phosphate 
(BNPP). The observed rate constant (A:obsd) for p-nitrophenol 
production in Scheme I is given by eq 1 where [Co]x is the total 
cobalt complex concentration. The pH-rate profiles (Figures 1 
and 2) were fit according to eq 1 with a curve-fitting program 

*obSd = *[Co]T /( l + [ H ] / * . , + AT.2/[H]) (D 
based on the Newton-Raphson algorithm. The acid dissociation 
constants obtained from the pH-rate profiles (Results) are only 
approximately equal to those obtained by direct titration (Table 
II) since the two experimental conditions are quite different. 

The mechanism for the cobalt aquo-hydroxo complex promoted 
hydrolysis of BNPP is shown in Scheme II.4 Under our exper
imental conditions the phosphate monodentate intermediate must 
be a steady intermediate since the rate of production of p-nitro-

(16) (a) Menger, F. M.; Gan, L. H.; Johnson, E.; Durst, D. H. J. Am. 
Chem. Soc. 1987, 109, 2800-2803. (b) Gellman, S. H.; Breslow, R.; Petter, 
R. J. Am. Chem. Soc. 1986, 108, 2388-2394. (c) Haake, P.; Atwood, L. 
Bioorg. Chem. 1976, 5, 373-382. (d) Butzow, J. J.; Eichhorn, G. L. Nature 
(London) 1975, 254, 358-359. 

(17) (a) Reference 13d. (b) Reference 15b. (c) Milburn, R. M. Abstracts, 
23rd International Conference on Coordination Chemistry; 1984; p 519. 
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phenol increases linearly with increase in the concentration of the 
cobalt complex (Figure 3). Since the hydrolysis reaction is first 
order with respect to the cobalt complex, only one cobalt complex 
should be involved in the mechanism. The rate constant k in 
Scheme I can be expressed in terms of the rate constants in Scheme 
II (eq 2). If &_, » k2, then Zc2 is the rate-determining step and 
k = K^k2 where Â 1 = kx/k.x. If Zc1 « k2, anation (^1 step) is 
the rate-determining step and k = Zc1. 

k = K,k2/(k.x + k2) (2) 

It can be shown that the anation step (kh Scheme II) is too 
fast to be the rate-determining step. ^1 cannot be measured 
directly. However, it is well known that the rate of anation of 
Co(III) complexes is independent of the basicity of the anionic 
nucleophile.18 The rate of anation of 1, 2, and 3 with inorganic 
phosphate can be measured readily following published proce
dures.19 The reaction of m-[(N4)Co(OH)(OH2)]2+ with inor
ganic phosphate involves rate-determining anation followed by 
rapid ring closure via the Co-O bond cleavage (Scheme III). The 
four-membered ring product has a characteristic absorbance at 
540 nm. The Co(III) complexes 1, 2, and 3 react with inorganic 
phosphate much more rapidly than with BNPP (Table I). 
Therefore A:, step (Scheme II) cannot be the rate determining for 
1, 2, or 3 promoted hydrolysis of BNPP and eq 2 is reduced to 
eq 3. Another evidence that kt is not the rate-determining step 

k = k,k2 (3) 

is that the cobalt complexes hydrolyze BDNPP (bis(2,4-dinitro-
phenyl)phosphate) much more rapidly than BNPP (Table I). The 
mechanism for cobalt complex promoted hydrolysis of BDNPP 
is analogous to that for the cobalt complex promoted hydrolysis 
of BNPP. If k{ is the rate-determining step, the rates of cobalt 
complex promoted hydrolysis of BDNPP and BNPP should be 
comparable. Since the cobalt complexes react considerably more 
rapidly with BDNPP than with BNPP, kt cannot be the rate-
determining step (Table I). 

In neutral water, the rate of hydrolysis of BNPP at 50 0C is 
too slow to be measured directly. However the rates could be 
measured directly at 80 0C, 90 0C, and 100 0C following known 
procedures20 (k = 1.0 X 10~8 s'1, 2.5 X 10"8 s"1, and 6.5 X lO"8 

s"1, respectively). The activation enthalpy and entropy for the 
hydrolysis reaction are 24.8 Kcal and -25.4 eu. The rate constant 
at 50 0C calculated from the activation parameters is 3 X 10"10 

s"1. With added cobalt complex (10 mM 1, 2, or 3) the observed 
rate constant for hydrolysis of BNPP is increased 105-108-fold 
depending on the cobalt complex used (Table I). The difference 
in the reactivity of the cobalt complexes may be due to the dif
ference in the equilibrium constants for binding of BNPP to the 
cobalt complexes (Kx) or to the difference in the reactivity of 
BNPP bound to the cobalt complexes (Zc2). It is clear from the 
titration studies that the equilibrium constants for binding of 
hydroxide, an anionic nucleophile, to the three cobalt complexes 
are comparable (Table I). Furthermore, we find that the equi
librium constants for binding of dimethyl phosphate to the cobalt 
diaquo complexes (1, 2, or 3) as measured by 31P NMR (Figure 
4) are comparable (4 ± 1 M"1)- This value is also close to the 
equilibrium constant for binding of -OP(O)(OH) 2 to 
[(NH3)5Co(OH2)]3+ (8 M"1).21 The equilibrium constant for 
binding of dimethyl phosphate to the cobalt aquo-hydroxo com
plexes of 1, 2, and 3 should be somewhat less than that for binding 
of dimethyl phosphate to the corresponding cobalt diaquo com
plexes. Binding of dimethyl phosphate to the cobalt aquo-hydroxo 
complexes could not be measured directly due to significant di-
merization of the aquo-hydroxo complexes at 0.1 M concentra
tion.22 We have previously estimated the equilibrium constant 
for binding of phosphate diesters to cobalt aquo-hydroxo corn-

OS) Langford, C. H.; Gray, H. B. Ligand Substitution Processes; W. A. 
Benjamin: New York, 1965. 

(19) Lincoln, S. I.; Stranks, D. R. Aust. J. Chem. 1968, 21, 37. 
(20) Kirby, A. J.; Younas, M. J. Chem. Soc. B 1970, 510-513. 
(21) Langford, C. H. Inorg. Chem. 1965, 4, 265. 
(22) Schwarzenbach, G.; Boesch, J.; EgIi, H. J. Inorg. Nucl. Chem. 1971, 

33, 2140-2156. 

Figure 3. Effect of increasing the concentration of 1 (•), 2 ( A ) , and 3 
(•) on the rate of the cobalt complex promoted hydrolysis of BNPP at 
pH 7.0, 50 0C. 

-TTTrTTTTTl r i j n TTJTTTnTTT TTnTTJTTT HHTTJ TTTTHHT TTT T T m m n n ' T TTfHn JTl 
10 ' S 0 A 2 6 -S -4 PPP 

Figure 4. 31P NMR for binding of dimethyl phosphate (0.1 M) to 3 (0.1 
M) at 20 0C: (a) dimethyl phosphate and (b) [(trpn)Co(OH2)(OP-
(0)(OCH3)2]

+. 

plexes (1 M"1).4 Under our experimental conditions (10 mM 1, 
2, or 3), about 99% of BNPP is in the free form and 1% in the 
cobalt-bound form. It is also clear from Figure 3 that saturation 
of BNPP has not been reached at 0.01 M cobalt complex. BNPP 
bound to 3 is hydrolyzed an amazing 1010 times more rapidly than 
free BNPP and about 300 times more rapidly than BNPP bound 
to 2, a close structural analogue of 3 (Ic2, Table I). 

It is surprising and interesting that the k2 step is so sensitive 
to the tetraamine ligand structure. This striking dependence of 
the reactivity on the structure is indicative of an intramolecular 
nucleophilic mechanism.23 Intramolecular general base mech
anism would not result in such a structure-reactivity relationship.23 

Why should the k2 step be so sensitive to the tetraamine ligand 
structure? The k2 step involves formation of a four-membered 
ring. In general four-membered rings are unstable. However, 
four-membered rings involving Co(III) are relatively stable. For 
example, X-ray structures of four-membered Co(III) carbonato24 

(23) Kirbv, A. J. Advances in Physical Organic Chemistry; Academic 
Press: New 'York, 1980; Vol. 17, p 183. 

(24) Niederhoffer, E. C; Martell, A. E.; Rudolf, P.; Clearfield, A. Inorg. 
Chem. 1982, 21, 3734-3741. 
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Figure 5. Linear free-energy relationship between the second-order rate 
constant for hydroxide-catalyzed hydrolysis of phosphate diesters at 25 
0C and the p£„ of the conjugate acid of the leaving group. Data from 
ref 29. 

and Co(III) phosphato25 complexes are known. The 0-Co-O 
bond angles of [(tren)CoC03]+ (68.5°)26 and [(cyclen)CoC03]

 + 

(68.40)27 are significantly reduced from the acyclic, NO2-Co-NO2 

bond angles of [(tren)Co(N02)2]+ (85.70)28 and [(cyclen)Co-
(N02)2]+ (84.5°).5 It is interesting to note that the angle opposite 
the O-Co-O bond angle in [(cyclen)CoC03]+ (103.1°) is about 
8° larger than the corresponding angle in [(cyclen)Co(N02)2] + 

(95.4°). On the other hand, in a more rigid system, the angle 
opposite the 0-Co-O bond angle in [(tren)CoC03]+ (87.9°) is 
about the same as the corresponding angle in [(tren)Co(N02)2] + 

(87.3°). It appears that a major factor in stabilizing the four-
membered Co(III) complexes is increasing the bond angle opposite 
the four-membered ring. 

Although BNPP bound to 3 is hydrolyzed an unprecedented 
1010 times more rapidly than free BNPP, further rate enhancement 
is required to hydrolyze unactivated phosphate diesters within 

(25) Anderson, B.; Milburn, R. M.; Sargeson, A. M. J. Am. Chem. Soc. 
1977, 99, 2654-2661. 

(26) Schlemper, E. O.; Sen Gupta, P. K.; Dasgupta, T. P. Acta Crystal-
logr. 1983, C39, 1012. 

(27) Leohlin, J. H.; Fleischer, E. B. Acta Crystallogr. 1976, B32, 3063. 
(28) X-ray structure to be submitted elsewhere. 

Chin et al. 

hours at 25 °C. The required rate enhancement factor can be 
estimated as follows. There is a linear free energy relationship 
between the rate of hydroxide-catalyzed hydrolysis of phosphate 
diesters at 25 0C and the basicity of the leaving group (Figure 
5).29 The fit is remarkably good (correlation coefficient = 0.9997) 

log k = 0.69 - 0.76 pA; (4) 

considering that the plot spans about 12 orders of magnitude in 
the basicity of the leaving group and includes both alkyl and aryl 
leaving groups. It is also worth noting that the four data points 
on Figure 5 are from four different sources. Assuming that the 
p£a of the 5'OH or 3'OH groups in 2'deoxynucleosides is about 
13,3t> the observed rate constant for hydroxide-catalyzed hydrolysis 
of DNA at pH 7 should be about 10"16 s"1 (half life = 200 million 
years). In order to hydrolyze DNA in hours at 25 °C, a catalyst 
must increase this rate by a factor of 1012. 

In conclusion we have shown that rigid m-diaquo-
tetraazacobalt(III) complexes are highly reactive in promoting 
the hydrolysis of phosphate diesters. BNPP bound to [(trpn)-
Co(OH)(OH2)]

2"1" is hydrolyzed about 1010 times more rapidly 
than free BNPP under neutral pH conditions. By comparison, 
typical rate enhancement brought about by nonenzymic catalytic 
systems for hydrolysis of phosphate diesters is in the order of 103. 
Indeed, the reactivity of [(trpn)Co(OH)(BNPP)]+ is comparable 
to that of BNPP bound to a real enzyme from Enterobacter 
aerogenes.31 Interestingly, the activity of the cobalt complexes 
changes dramatically with change in the tetraamine ligand 
structure even when anation is not the rate-determining step. Such 
ligand effect has not been observed previously. Two valuable pieces 
of information are obtained from the sharp structure-reactivity 
relationship. First, it shows that the reaction involves an intra
molecular nucleophilic addition process. Second, it gives insight 
into the rational design of highly reactive Co(III) complexes. 
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