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Figure 2. Comparison of water and ammonia binding energies for
first-row transition-metal ion clusters. L is either H,O or NH;. The
dashed line represents a best fit to the data (R = 0.88); slope = 1.00,
intercept = 13.0 kcal/mol.

kcal/mol), the overall agreement is satisfactory.

Second, the cluster ions may not possess the presumed structures
M*(H,0), and M*(NH;), but rather exist in metal-inserted
forms;: H—M*—OH, H—M*—0H(H,0) (H),M*(OH),, H—
M*—NH,, etc. Comparison of the available values for D[M*-
—OH], D[M*—NH,], and D[M*—H] in the literature with the
bond energies in H,O and NH; suggests that such structures may
be thermodynamically accessible.!! Moreover, V* (but not the
other metals) reacts with H,O in the central quadrupole by
dehydrogenation, and V*(H,0) clusters undergo CID to produce
VO* + H, in addition to V¥ + H,0. Therefore, O—H insertion
by V* must occur at some point during an ion-water collision or
as a result of collisional activation of the stabilized adduct. We
have investigated various ion/molecule reactions of the metal
hydrate ions in search of chemical evidence for the presence of
insertion structures, operating on the assumption that the M*—H
moiety in such complexes should display characteristic reactivity.
Perdeuterated metal hydrates M*(D,0),, formed in the flow re-
actor fail to undergo H/D exchange with H,, CH,==CH,, or
CH;CH==CHj, in the second quadrupole, whereas diatomic metal
hydride ions MH* and metal hydride ion complexes readily ex-
change in the presence of D,!? and deuterated olefins.!»!4
Moreover, reactions between each of the M*(D,0), cluster ions
and H,O in the second quadrupole proceed exclusively by water
ligand substitution without H/D scrambling. Thus, the observed
reactivity of the metal hydrates is inconsistent with insertion-type
structures.!’

MY(D20),-1(Hp0) + D20
M*D,0), + H0 —L:
M*(D50),-4(HOD) + HOD
The third and most likely origin of the unusual solvation energy
orderings is the nature of the bonding between H,O and NH,

(11) D[Fe*—OH] = 73 % 3 kcal/mol, D[Co*—OH] = 71 = 3 kcal/mol:
Cassady, C. J.; Freiser, B. S. J. Am. Chem. Soc. 1984, 106, 6176. D[Cr*—
OH] = 73 = 5 kcal/mol: Kang, H.; Beauchamp, J. L. J. Am. Chem. Soc.
1986, 108, 7502. D[Fe*—NH;] > 58 kcal/mol, D[Co*—NH,] = 65 £ 8
kcal/mol: Buckner, S. W,; Freiser, B. S. J. Am. Chem. Soc. 1987, 109, 4715.
D[M*—H]: Elkind, J. L.; Armentrout, P. B. Inorg. Chem. 1986, 25, 1078.
D[HO—H] = 119 kcal/mol, D[H,N—H] = 107 kcal/mol: Wagman, D. D
Evans, W. H.; Parker, V. B.; Schumm, R. H.; Halow, L.; Bailey, S. M;
Churney, K. L.; Nuttall, R. L. J. Phys. Chem. Ref. Data 1982, 11, Suppl. |
(NBS Tech. Note 270).

(12) (a) Carlin, T. J.; Sallans, L.; Cassady, C. J.; Jacobson, D. B.; Freiser,
B.S.J. Am. Chem. Soc. 1983, 105, 6320. (b) Byrd, G. D.; Freiser, B. S. J.
Am. Chem. Soc. 1982, 104, 5944, (c) Jacobson, D. B.; Freiser, B. S. J. Am.
Chem. Soc. 1983, 105, 7492. (d) Jacobson, D. B.; Byrd, G. D.; Freiser, B.
S. Inorg. Chem. 1984, 23, 553.

(13) Halle, L. F.; Klein, F. B.; Beauchamp, J. L. J. Am. Chem. Soc. 1984,
106, 2543,

(14) Jacobson, D. B.; Freiser, B. 1. J. Am. Chem. Soc. 1985, 107, 7280.

(15) Inserted structures are not necessarily ruled out, however, since a
mobile equilibrium between M*(H,0) and H—M*—OH isomers could exist
and still give the same results with the chemical probes.
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molecules and the transition-metal ions. Since purely electrostatic
models cannot possibly account for the observed trends, then
variations in the electronic configuration of the metal ions must
play an important role.!6 Moreover, the visible aberrations in
the correlation between the water and ammonia binding energies
(Figure 2) suggest that the observed effects are a function of not
only the metal but the ligand as well. In view of the many
low-lying electronic states in atomic transition metal ions'” and
the likelihood of variable mixtures of s, p, and d bonding to H,O
and NH; ligands by the different metals,!® large basis MCSCF
calculations will undoubtedly be necessary to account for these
unusual solvation energy trends.
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(16) Dative bonding interactions are proposed to account for the large
decrease between the second and third water and ammonia binding energies
of Ag* and Cu*, cf. ref 8.

(17) Moore, C. E. Atomic Energy Levels; National Bureau of Standards:
Washington, DC, 1971; Vol. I and II.

(18) Schilling, J. B.; Goddard III, W. A_; Beauchamp, J. L. J. Am. Chem.
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Cobalt complexes of the type cis-[(N4)Co(OH,),]** where N,
is any tetraamine ligand have been used extensively by various
research teams as ATPase models and phosphatase models. Most
of the model studies have been focused on phosphate anhydrides!
(e.g., adenosine triphosphate (ATP)) or phosphate monoesters
with good leaving groups® (e.g., p-nitrophenyl phosphate).
Unactivated phosphate monoesters (e.g., adenosine monophosphate
(AMP), methyl phosphate) are much more resistant to hydrolysis.?
Here we report on a novel mechanism for efficient hydrolytic
cleavage of unactivated phosphate monoesters leading to the
formation of a binuclear cobalt(III) complex with a doubly bi-
dentate phosphato bridge.

Stirring 2 equiv of [(trpn)Co(OH,),]3* with disodium salts of
adenosine monophosphate (AMP) or hydroxyethyl phosphate in
water at 25 °C for about 6 h gave the corresponding alcohol and
[((trpn)Co),P0O,]3* (2, Scheme 1) in quantitative yield.* The

(1) (a) Hubner, P. W. A,; Milburn, R. M. Inorg. Chem. 1980, 19,
1267-1272. (b) Milburn, R. M.; Massoud, S. S.; Tafesse, F. /norg. Chem.
1985, 24, 2591-2593. (c) Norman, P. R,; Cornelius, R. D. J. Am. Chem. Soc.
1982, 104, 2356-2361.

(2) (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. 1988, 107, 3315-3321. (c) Milburn, 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.

(3) (a) Schray, K.; Benkovic, S. The Enzymes, 3rd ed.; Boyer, P, Ed,;
Academic Press: New York, 1973; Vol. 8, p 201. (b) Spiro, T. G.; Farrell,
F. I.; Kjellstrom, W. A. Science (Washington, D.C.) 1969, 164, 320.

(4) Trpn: tris(aminopropyl)amine. Alcohol confirmed by 'H NMR.
Compound 2: 3P NMR, D,0, (trimethylphosphate) § 40.5 ppm. Anal.
Calcd for C1gHysN3Co,0,4P-3C10,: C, 24.35; H, 5.45; N, 12.62; Cl, 11.98;
P, 3.49. Found: C, 24.52; H, 5.38; N, 12.63; Cl, 12.12; P, 3.48. We are trying
to obtain a crystal structure of 2.

© 1989 American Chemical Society
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binuclear cobalt complex (2) could also be made from inorganic
phosphate and [(trpn)Co(OH,),]3*. In order to carry out a more
detailed kinetics study, 1 equiv of [(trpn)CO(OH,),]3* was first
added to the phosphate monoester (AMP or hydroxyethyl
phosphate) solution. This resulted in immediate formation of a
stable cobalt complex adduct of the phosphate monoester (1,
Scheme I) in quantitative yield (Figure 1a).* Although 1 is stable
in neutral water, it was rapidly hydrolyzed to 2 upon addition of
[(trpn)Co(OH,)(OH)]?*. The rate of formation of 2 increased
linearly with amount of [(trpn)Co(OH,){OH)]?** added. Ina
typical kinetics experiment, the hydrolysis reaction was initiated
by addition of [(trpn)Co(OH,)(OH)]** (1-4 equiv) to a solution
of 1 (0.025 M) in D,0 (pD 5.0, 25 °C).® The progress of the
reaction was monitored by following the increase in the 3'P NMR
signal due to 2 and decrease in the 3'P NMR signal due to 1
(Figure 1) as well as increase in 'H NMR signal due to the alcohol
formation. The second-order rate constant for formation of 2 from
1and [(trpn)Co(OHz)(OH)]2+ is 3.6 £ 0.5 X 1073 M1 51 when
AMP is involved and 1.2 £ 0.2 X 102 M1 57! when hydroxyethyl
phosphate is involved.

3P NMR have been widely used to monitor various Co(III)
complex promoted hydrolysis of ATP, diphosphate, and simple
phosphate monoesters. The *!P NMR signal of phosphates shifts
progressively downfield with increase in the number of Co-
(III)-phosphate oxygen bonds.” Typically, phosphates with one,
two, and three Co(III)-phosphate oxygen bonds have *'P NMR
chemical shifts at about § 10, § 20, and & 30 ppm, respectively,
relative to trimethyl phosphate.” In general, addition of [(N,)-
Co(OH,),]** to a phosphate solution generates many new !P
NMR signals due to the formation of a variety of Co(III)-
phosphate complexes.”® Surprisingly, the 3P NMR spectrum
is elegantly simple when [(trpn) Co(OHs,),]3* is added to phosphate
monoesters (Figure |). Addition of 1 equiv of [(trpn)Co(OH,),]**
to AMP gave only one 3'P NMR signal (1, 6 18.5 ppm) corre-
sponding to a phosphate with two Co(III)—-phosphate oxygen bonds
(Figure 1a). Four-membered ring Co(III)-inorganic phosphate
complexes have been observed previously.® Four-membered ring
Co(III)-phosphate monoester complex had been reported once;
however it was later shown to be a phosphate ester bridged dimer
consisting of three P NMR signals.® Addition of 2 equiv of
[(trpn)Co(OH,),]** to inorganic phosphate or phosphate mono-
esters gave only one major peak with the greatest 3'P NMR
chemical shift reported to date (2, 6 40.5 ppm (Figure 1d)). The
binuclear complex 2 represents the first case where all four
phosphate oxygens are bound to the cobalt.

The mechanism of cobalt(IIT) complex promoted hydrolysis
of p-nitrophenyl phosphate involves intramolecular metal-hy-
droxide attack on the metal coordinated phosphate monoester.?
Addition of 1 equiv of [{trpn)Co(OH,)(OH)]?* to p-nitrophenyl

(5) 3'P NMR were taken on a Varian XL-300 spectrometer. Compound
1: *'P NMR, D,O (trimethylphosphate) 6 18.5 ppm. Although 1 could not
be isolated in pure form, the corresponding adduct with phenylphosphonate
([(trpn)Co(PO3Ar)]*) was recrystallized in water and characterized: 3P
NMR, D,O (phenylphosphonic acid) 6 25.86 ppm. Anal. Calcd for
CsHoN40,CICoP-CIO,+H,0: C, 34.59; H, 6.00; N, 10.76; Cl, 6.81; P, 5.95.
Found: C, 34.94; H, 6.02; N, 10.86; Cl, 6.48; P, 5.97.

(6) pD of the reaction solution decreased by less than 0.4 units during the
course of the reaction. Buffers could not be used since they catalyze the
dimerization of the cobalt complex.

(7) Haight, Jr. Coord. Chem. Rev. 1987, 79, 293-319,

(8) (a) Jones, D. R; Lindoy, L. F.; Sargeson, A. M. J. Am. Chem. Soc.
1984, 106, 7807, footnote 15, (b) Jones, D. R.; Lindoy, L. F.; Sargeson, A.
M.; Snow, M. R. Inorg. Chem. 1982, 21, 4155.

(9) Anderson, B.; Milburn, R. M.; Harrowfield, J. M.; Robertson, G. B.;
Sargeson, A. M. J. Am, Chem. Soc. 1977, 99, 2652.
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Figure 1. 3P NMR of 1 (0.025 M) after adding (trpn)Co(OH)(OHz)]2+
(0.075 M) pD 5.0, 25 °C. Elapsed time: (a) 0 min, (b) 10 min, (c) 40
min, (d) 240 min.

phosphate in neutral water rapidly produced p-nitrophenol. In
contrast, phosphate monoesters with poor leaving groups initially
formed stable cobalt complexes (1) that subsequently hydrolyzed
to 2 upon further addition of [{trpn)Co(OH,)(OH)]**. We
propose that the mechanism of hydrolysis of 1 involves com-
plexation of 1 to [(trpn)Co(OH,)(OH)]?* followed by cleavage
of the ester bond (3). Cobalt(III) complex promoted hydrolysis
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of phosphate monoesters with good leaving groups? or phosphate
diesters!® involves a 1:1 complex between the metal and the
substrate. In contrast, a 2:1 [(trpn)Co(OH,)(OH)]?* to substrate
ratio is observed for the hydrolysis of phosphate monoesters with
poor leaving groups. Cobalt(III) complex promoted hydrolysis
of ATP also involves the formation of a 2:1 metal to substrate
ratio.? However in the case of ATP hydrolysis, oxygen atoms from
more than one phosphorus are bound to the metal.
Interestingly, [(tren)Co(OH,)(OH)]?** did not hydrolyze
phosphate monoesters with poor leaving groups under the same
conditions used to hydrolyze the esters with [(trpn)Co(OH,)-
(OH)]**.1!  Furthermore, in contrast to the ease of formation
of [({trpn)C0),P0O,4]** (2), the corresponding cobalt complex with
the tren ligand, [((tren)Co),PO,]**, could not be synthesized.
Whereas addition of 2 equiv of [(trpn)Co(OH,),]** to inorganic
phosphate gave only one major >'P NMR signal (¢ 40.5 ppm),
addition of 2 equiv of [{tren)Co(OH,),]** to inorganic phosphate
gave numerous >'P NMR signals between 6 10 and & 30 ppm. The
contrast in the 3'P NMR is striking considering that the structures
of [(tren)Co(OH,),]** and [(trpn)Co(OH,),]3* are so closely
related. Clearly, the stability of the spiro four-membered ring

(10) (a) Chin, J.; Zou, X. Can. J. Chem. 1987, 65, 1882-1884. (b) Chin,
1. Zou, X. J. Am. Chem. Soc. 1988, 110, 223-225, (c) Chin, }.; Banaszczyk,
M.; Jubian, V. J. Chem. Soc., Chem. Commun. 1988, 735-736. (d) Chin,
J.; Banaszczyk, M.; Jubian, V.; Zou, X. J. Am. Chem. Soc. 1989, 111, 186.

(11) Tren: tris(aminoethyl)amine.
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system (2) is highly sensitive to the tetraamine ligand structure.
Consistent with the above results, X-ray structures of [(trpn)-
Co(CO3)]* and [(tren)Co(CO;)]* reveal that the trpn ligand is
better able to stabilize four-membered rings. Both O—-Co—O bond
angles in [(trpn)Co(CO;)]* (68°)12 and [(tren)Co(CO;)]* (68°)13
are highly distorted from that found in regular octahedral com-
plexes (90°). All the N-Co—N bond angles are rigidly held (87°)
with the tren ligand, whereas the N-Co—N bond angle opposite
the O—Co-0O bond angle in [(trpn)Co(CO;)]* is free to expand
to 100°.'2 Wel™ recently showed that the much higher reactivity
of [(trpn)Co(OH,)(OH)]** over [(tren)Co(OH,)(OH)]?** in
hydrolyzing phosphate diesters is due to the relative ease of
formation of a four-membered ring transition state with
[(trpn)Co(OH,)(OH)]?*.

In conclusion, we have shown that [(trpn)Co(OH,)(OH)]**
hydrolyzes unactivated phosphate monoesters with unprecedented
efficiency. The mechanism of the hydrolysis reaction involves a
2:1 metal to substrate complex leading to the formation of a
binuclear cobalt(I1I) complex with a novel doubly bidentate
phosphato bridge. The stability of the binuclear complex and the
reactivity of [(trpn)Co(OH,)(OH)]?* are highly sensitive to the
tetraamine ligand structure.
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Normand Cloutier for his contributions in the preliminary stage
of this project. This work was supported by the Natural Sciences
and Engineering Research Council of Canada.

(12) To be published elsewhere.
(13) Schlemper, E. O.; Sen Gupta, P. K.; Dasgupta, T. P. Acta Crystal-
logr. 1983, €39, 1012.
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On inspection, the semiquinone 4° is expected to have a de-
localized w-electronic structure. Indeed, it has been shown that
the three-ringed analogue 3°*~ is delocalized.! We now report
evidence that 4* and 5° are not delocalized and propose that they
have mixed-valence structures. In accord with this hypothesis are
IR and electrochemical data as well as unusually broad and
featureless optical absorption bands for 4°~ and 5°~ which extend
from the visible region to the infrared. Upon the basis of molecular
orbital calculations, we ascribe the surprising structure and
properties of 4°~ and 5°, at least in part, to the extraordinary
polarizability of these species which allows small geometry or
solvent perturbations to trap the charge at one end of the molecule.
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The neutral quinones 1 and 2 were prepared using literature
methods.?>* Quinones 3-5 were prepared as follows: 3 (7° plus

(1) Jozefiak, T. H.; Miller, L. L. J. Am. Chem. Soc. 1987, 109, 6560.
(2) Gupta, D. N.; Hodge, P.; Khan, N. J. Chem. Soc., Perkin Trans. I
1981, 689.

Table I. Electrochemical £°” and Computed Dipole Moments

compd -E°’%(V, SCE) w(D)? u(D)*
1- 0.69, 1.41
2° -0.14, 0.59 1.27 6.6
3 0.26, 0.74 2.49 13.2
4 0.50, 0.75 13.2 19.8
5° 0.72, 0.84 18.0 26.4
6 0.30, 0.53

?From CV on ~1 mM neutral in DMF, 0.1 M Bu,N(BF,) at 100
mV s, ®Dipole moments relative to the nuclear center of mass, cal-
culated for an ion distorted along the B;, mode (sece text). ¢Dipole
moments for the completely localized model (see text).
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Figure 1. Vis NIR spectra of 4 (—) and 5~ (--) in DMF, Bu,N(BF,).

benzoquinone and then Ce(NH,),(NO;)s), 4 (see below), 5§
(pyromellitic dianhydride plus hydroquinone$ and then NaBH,).
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The semiquinones were prepared electrochemically in DMF,
0.1 M BuyN(BF,) at a carbon cathode, and cyclic voltammetry
utilized a glassy carbon working electrode. In Table I are the
E°’ values for the first two reduction processes (there are others
at more negative potentials). These two processes were reversible
(60 = 4 mV peak separation and nearly equal anodic and cathodic
peak currents) for all the compounds investigated. Preparative
reduction carried out to 1.05 electron/molecule gave stable so-
lutions of the anion radicals. Electrochemical reoxidation re-
generated the neutral in high yield and did not leave residual
vis-NIR absorptions.

The optical spectra of 4°~ and 5°~ are shown in Figure 1.
Instead of a sharp band in the NIR as found for 2*~ and 3*", 4°~
and 5°” have nearly flat absorption spectra from 600 to 2100 nm
with ¢ ~ 2000. The complete change in shape of the spectrum
which results from addition of one benzene ring is unexpected,
and the very broad absorption of 4°~ and 5*~ is quite unusual.
Broad bands in the NIR are, however, characteristic of mixed-
valence compounds,” and we hypothesize that the ions adopt a

(3) Yoshino, S.; Hayakawa, K.; Kanematsu, K. J. Org. Chem. 1981, 46,
3841.

(4) New compounds gave proper NMR, IR, UV, and high resolution mass
spectra. The syntheses and spectra will be described in the full paper.

(5) Azadi-Ardakani, M.; Wallace, T. W. Tetrahedron Lert. 1983, 24, 1829,

(6) Marschalk, C. Soc. Chim. Fr. 1941, 354,

0002-7863/89/1511-4105801.50/0 © 1989 American Chemical Society



