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In Nature, enzymes perform specific reactions. Structurally
abbreviated enzyme models may extend their biomimetic function-
ality to bioinspired reactivity. In particular, external substrates
oxygenation remains an important objective of biomimetic and
bioinspired catalysi3.We have reported that [(Cu(l)FpCHs),],

1,23 (TpCrCHs = 3-trifluoromethyl-5-methyl-1-pyrazolyl borate)
binds Q at 25°C in CH,Cl, to give [(Cu(ll)TgFFsCHs),(0,)], 2.34
NMR studie$ in CH,Cl, show that, in the absence ob,A is in
equilibrium with mononuclear [Cu(l)T=CHs], 3, a likely inter-
mediate in the formation . Acetone addition td or 3 produces
[CuTp°F=CHs(acetone)]4, which gives2 at 25°C if the [acetone]/
[Cu] ratio is below~200, or at higher ratios below30 °C. Acetone

is a poor ligand for Cu(l) and peroxo Cu(ll) complexXethe
formation and stability of its CuTp complexes depends on the
electronic structure of the Tp ligand. Thus, the relatively electron
rich Cu(l)TgR. complexes (R R, = alkyl) do not coordinate
acetone; the electron poor ones, R, = phenyl, bind acetone in
solid state but cannot prevent its loss upon dissolution in nonco-
ordinating CHCI,.8 Similarly, CuTgR. peroxo complexes de-
compose in acetone upon warmifigln contrast,1 at [acetone]/
[Cu] >~300, turns blue in air and deposits crystais[CuTpCFsCHs-
(lactate)],5%° (Figure 1).

Figure 1. X-ray structure of5 at 40% probability. Selected bond length
(A) and angles (deg): Cu(H0(21) 1.923(4), Cu(BO(11) 1.925(4),
Cu(1)y-N(31) 1.972(5), Cu(IyN(11) 2.002(5), Cu(IyN(51) 2.349(5),
0(21)-Cu(1)-0(11) 83.9(2), O(1BCu(1)-N(31) 170.4(2), O(2L
Cu(1)-N(11) 169.7(2), N(3LyCu(1)-N(11) 88.0(2), O(21)y Cu(1)-N(51)
100.0(2), O(11)Cu(1)-N(51) 101.0(2), N(31)yCu(1)y-N(51) 88.6(2),
N(11)-Cu(1)-N(51) 90.1(2).

The CuNO; square pyramidal geometry Bfresembles that of
2 and [CuTp"CHs(acetate)],6,1* but is unique in lactate com-
plexest? The one-pot formation of lactate, G¥C(H)(OH)-COO,
from acetone, CHCO-CH;, appears unprecedented. Usually,
methyl ketones yield upon oxidatiom-keto acids or acids with
one less carbott.Formally, acetone incorporates two oxygen atoms

5 only afterits reduction in acetone to colorle4sA transient Cu-
(1) species, favored by acetodtand possibly with oxo radical
charactef® cannot be excluded a priori. Such species could be
stablel® or decompose to unknown produétélowever, both UV~
vis and ESR monitorini§ of the oxidation detects only mononuclear
Cu(ll) species? consistent with the tendency of fluorinated Tp
ligands to stablize lower Cu oxidation stafeBhus, it appears that
the highest catalytically relevant Cu oxidation state is Il.

While chemically uncommon, the conversion of acetone to lactate
is part of the gluconeogenic pathway, Scheme 1.
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P450 isozyme 3a catalyzes the acetone oxidation to acetol
(hydroxy acetone), then to methyl glyoxal (M&)ollowed by the
Ni (Escherichia colj or Zn (human) glyoxalase | (Glxl)-catalyzed
isomerization of the latter (as the glutathione thiohemiacetal) to
the lactic thioester, which is hydrolyzed by glyoxalase Il (GI®H).

Does the Cu pathway to lactate involve the biochemical
intermediates? Attempts to oxidize (i) a solutionldh acetol and
(i) a mixture of acetone:acetdl:in 900:100:1 ratio failed. No
Cu(ll) was formed, and as expected, no MG or lactate was detected
either, suggesting that acetolrist a significant reaction intermedi-
ate in the Cu pathwa8% 24 Experiment (ii) suggests that acetol
actually inhibits the oxidation step.

Is MG an intermediate? In the absence of kiloes not react
with MG, but, aerobically, MG and yield 5.25 MG might thus be
an intermediate in Cu(ll) (not Cu(l)) glyoxalase reactivity.

The direct oxidation of acetone to MG (i.e. skipping the acetol
intermediate) might proceed via an acetonyl radicalgCBICH,e,
formed during the copper-assisted oxidation of acetoneapture
by acetonyl yields the acetonylperoxy radical, {COCHO0s. MG
forms either by its dec&§ or by dehydration of the hydroperoxide,
CH;COCH,OO0H, produced by kabstraction from another acetone
molecule, or H and electron binding. Insights into the mechanism
were obtained by the oxidation of a 1:1 mixture of acetdge:
acetone withl, which afforded only nondeuterated and perdeuter-
ated lactat@’2No isotope scrambling was observed, suggesting that
a classical radical chain mechanism is not operational. From the

to yield lactate, but the number of hydrogen atoms is unchanged ratio of protio/deuterate8, a preliminary estimation of the overall
(considering the lactic acid). Perdeuterated acetone gives perdeukinetic isotope effect (KIE) gives KIE: 5. This value, lower than
terated lactate, indicating that all hydrogen atoms are derived from the KIE of 7 for tautomerizatio?® but higher than the KIE of 1.15

acetone. One acetone gHroup is oxidized to COQ, while the
carbonyl group is reduced to alcohol level. The possibility that a
peroxo complex is the oxidizing agent seems unlikely sthgields
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for acetol oxidatiorf? suggests a rate-determining—& bond
splitting, consistent with a (coordinated?) acetonyl radical inter-
mediate. For the MG isomerization, the above-mentioned lack of

10.1021/ja0168458 CCC: $22.00 © 2002 American Chemical Society



COMMUNICATIONS

deuterium scrambling in the lactate suggestsirgramolecular

Cannizzaro-like pathwaif,perhaps via a Lewis-acid catalyzed 1,2

H~3031 or GIxl-like 1,2 H' shift32 If a H* shift occurs, a [Cu-

(I TpCFCHs(enediolate)] intermediate, an anionic Cu(ll) analogue,

or a dinuclear xylose isomerase tyfe complex is required. The

UV—vis, ESR, and lack of cations, however, argue against the

London, 2000; pp 309362. (c) Schindler, SEur. J. Inorg. Chem200Q
2311. (d) Karlin, K. D.; Zuberbhier, A. D. In Bioinorganic Catalysis,
2nd ed.; Reedijk, J., Bouwman, E., Eds; M. Dekker: New York; 2000;
Chapter 14. (e) Mahadevan, V.; Gebink, K. R. J. M.; Stack, T. D. P.
Curr. Opin. Chem. Biol200Q 4, 228. (f) Holland, P. L.; Tolman, W. B.
Coord. Chem. Re 1999 190, 855.

(3) Hu, Z.; Williams, R. D.; Tran, D.; Spiro. T. G.; Gorun, S. M. Am.
Chem. Soc200Q 122, 3556.

(4) Hu, Z.; George, G. N.; Gorun, S. Nhorg. Chem.2001, 40, 4812.

presence of these species in solution while suggesting that the Cu (5) Karlin, K. D.; Lee, D.-H.; Kaderli, S.; Zubeibler, A. D.Chem. Commun.

in CuTpFCHs is the Lewis-acid. The overall inner-sphere reaction
may thus include a 1,2-hydride transfer at a three-center, Cu(ll)

transition state, Scheme 2.
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a0Only one boron-bonded pyrazole ring is shown in full.

This view is consistent with the quantitative formation of a 1:1

1997 475.

(6) (a) Kitajima, N.; Fujisawa, K.; Fujimoto, C.; Moro-oka, Y.; Hashimoto,
S.; Kitagawa, T.; Toriumi, K.; Tatsumi, K.; Nakamura, A.Am. Chem.
Soc 1992 114, 1277.

(7) Kitajima, N.; Koda, T.; Hashimoto, S.; Kitagawa, T.; Moro-oka, X.
Am. Chem. Sod991 113 5664.

(8) (a) See Supporting Information. (B)was prepared independently by
reacting in acetone 70 mg (0.12 mmol) of FfpcsCu(NOy)]° with 12
mg of Li lactate (0.2 mmol). Filtration of the precipitate and removal of
molsdt of the solvent yielded 56 mg (0.092 mmol)5in 76.3% isolated
yield.

(9) Gorun, S. M.; Hu, Z.; Stibrany, R. T.; Carpenter, I8org. Chim. Acta
1999 297, 383.

(10) Unit cell: a = 11.185(5) A,b = 10.078(5) A,c = 21.379(5) A8 =
99.169(53, V = 2379 (2) B at 293(2) K. Space groupn, an alternative
of Pc. Z = 2, pcac = 1.708 g/cm. R1 = 0.0498, wR2= 0.1219.

(11) Hu, Z.; Gorun, S. MInorg. Chem.2001, 40, 667.

(12) Cambridge Crystallographic Database, April 2001.

(13) Hudlicky, M. Oxidations in Organic ChemistryACS Monograph 186;
American Chemical Society: Washington, DC, 1990; p 205.

Cu:lactate complex and with the lack of a radical chain mechanism (14) Mahadevan, V.; Henson, M. J.; Solomon, E. I.; Stack, T. DJ.FAm.

and formation of other acetone-derived products. T@ Biddition

step was verifyed by performing the reaction in the presence o

H,80. As expected, the labeled lactate restits.

The Cu-catalyzed oxygenation of acetone to lactate does not
formally “waste” reducing equivalents as water, typical of aerobic
P450 monooxygenases (Scheme 1): the two hydrogen atoms,

eliminated as KO during the formation of MG from acetone, are
reincorporated into the lactic acid product.

The Cu-based and genuine GIxI activity may have a common
structural basis. Enediolate mimics occupy cis sites of the square-

pyramidal Zn of human GIx# while cis sites of the square-
pyramidal copper irb are occupied by the lactate. The Nilh
coli GIxI also exhibits accessible cis sité8Interestingly, the GIxI-

like activity we observe is inconsistent with the inactive, Cu-

substitutedhumanGIxI.34 The structural and functional similarities
noted above suggest that the Cu-substitiiedoli GIxI might be
active.

In summary, an external substrate, acetone, is oxygenated

Chem. So0c200Q 122 10249.

f (15) (a) Taki, M.; Itoh, S.; Fukuzumi, §. Am. Chem. So@001, 123 6203.

(b) Itoh, S.; Taki, M.; Nakao, H.; Holland, P. L.; Tolman, W. B.; Que,
L., Jr.; Fukuzumi, SAngew. Chem., Int. E@00Q 39, 398. (c) Lockwood,
M. A,; Blubaugh, T. J.; Collier, A. M.; Lovell, S.; Mayer, J. MAngew.
Chem., Int. Ed1999 38, 225. (d) Mahapatra, S.; Halfen, J. A.; Tolman,
W. B. J. Am. Chem. S0d.996 118 11575.

(16) Itoh, S.; Hideyuki, K.; Masayasu, T.; Shigenori, N.; Teizo , K.; Fukuzumi,
S.J. Am. Chem. So@001, 123 6708 and reference therein.

(17) Uozumi, K.; Hayashi, Y.; Suzuki, M.; Uehara, &hem. Lett1993 963.

(18) Rieger, P. Personal communication.

(19) Neither half-field signals nor Cu(lll) absorptions are observed by ESR
and UV-vis, respectively; see also Supporting Information.

(20) Koop, D. R.; Casazza, J. P. Biol. Chem.1985 260, 13607.

(21) (a) He, M. M.; Clugman, S. L.; Honek, J. F.; Matthews, B. W.
Biochemistry200Q 39, 8719. (b) Mannervik, B.; Ridderstmg, M.
Biochem. Soc. Trand.993 21, 515. (c) Thornalley, P. Biochem. J.
199Q 269 1.

(22) (a) The hydroxylation of acetone proceeds via bromoacetone. (b) Fehling’s
reagent (Cu tartrate in aqueous NaOH) oxidizes acetol to MG until all
copper precipitates. (c) [CuRy" oxidizes acetol to MG via at least two
pathways, one involving a Ctacetol complex and/or Py A postulated
Cu—"peroxo or superoxo™acetol intermediate is not detected. Driscoll,
J. J.; Kosman, D. JJ. Am. Chem. S0d.987 109, 1765.

(23) Iron phosphate oxidizes aerobically acetol to MG above°C3M0amoru,

S.; Kyoji, O. JP 10287610A2, 1998.

aerobically using a robust Cu complex whose metal environment (24) The stoichiometric oxidation of acetone to MG consumes HbC5eQ;

exhibits no C-H bonds. A similar biological process requires
oxygenating (Fe) and glyoxalatic (Zn, Ni) enzymes, and extra H
and electrons.

Future work will shed light on the active Cu species and
mechanistic details, seek the catalytic production of lactic acid (a

valuable chemical and precursor to biodegradable polyieasnd
extend this chemistry to other substrates.

Acknowledgment. We thank P. Rieger, W. Robinson, T.-L.

Shen, R. Lawler, and C. Diaconu for part of the ESR, X-ray and

MS data, helpful discussions, and technical assistance.

Supporting Information Available: Preparation, reactivity details,
X-ray tables and mass spectra fits $ofPDF). This material is available
free of charge via the Internet at http:/pub.acs.org.

References

(1) (@) Bond, J. E.; Stibrany, R. T.; Gorun, S. M.; Schriver, G. W,;
Vanderspurt, T. H. InThe Actvation of Dioxygen and Homogeneous
Catalytic Oxidation Barton, D. H. R., Martell, A. E., Sawyer, D. T., Eds.;
Plenum Press: New York, 1993; pp 19208. (b) Stibrany, R. T.; Gorun,

S. M. U.S. Patent 5,183,945, 1993. (c) Bond, J. E.; Gorun, S. M.; Stibrany,
R. T.; Schriver, G. W.; Vanderspurt, T. H. U.S. Patent 5,504,256, 1996.

@

—

Recent reviews: (a) Blackman, A. G.; Tolman, W. BMetal-Oxo and
Metal-Peroxo Species in Catalytic Oxidatiohdeunier, B., Ed.; Structure
and Bonding, Vol. 97; Springer-Verlag: Berlin, 2000; pp +7241. (b)
Kopf, M.-A.; Karlin, K. D. In Biomimetic Oxidations Catalyzed by
Transition Metal Complexedvleunier, B., Ed.; Imperial College Press:

Se byproducts are generated. (a) Chaiken, J.; McDonald, J. ©hem.
Phys.1982 77, 669. (b) Rabjon, NOrg. React.1976 24, 261.

(25) 1 (100 mg) was dissolved in 5 mL of aqueous MG, and the mixture was
stirred aerobically at room temperatubavas isolated in quantitative yield.

(26) Zegota, H.; Schuchmann, M. N.; Schulz, D.; Von Sonntag,ZC.
Naturforsch., B: Anorg. Chem., Org. Chei®86 41B, 1015.

(27) Mass spectra: FAB, NBA (see the Supporting Information). (a) ThelO
proton of the lactate exchanges with the protons of the NBA matrix. (b)
the level of80 incorporation is 19+ 2%, consistent with the 22960
enrichment in the water used for the experiment.

(28) Reitz, O.; Kopp, JZ. Phys. Chem. Abt. A939 184, 429.

(29) (a) A Cu-pyridine complex converts aromatic but not aliphatic ketoal-
dehydes to hydroxy acids. Jin, S. J.; Arora, P. K.; Sayre, LINDrg.
Chem.199Q 55, 3011. (b) These data suggest a 1,2-hydride shift.

(30) (a) Russell, A. E.; Miller, S. P.; Morken, J. P.Org. Chem200Q 65,
8381. (b) Okuyama, T.; Kimura, K.; Fueno, Bull. Chem. Soc. Jpri982
55, 2285.

(31) (a) Neville, O. K.J. Am. Chem. S0d.948 70, 3499. (b) Alexander, E.
R. J. Am. Chem. Sod.947 69, 289. A second metal binds to one cis
oxygen atom. (c) Lavie, A.; Allen, K. N.; Petsko, G. A.; Ringe, D.
Biochemistry1994 33, 5469 and references therein. (d) Whitlow, M.;
Howard, A. J.; Finzel, B. C.; Poulos, T. L.; Winborne, E.; Gilliland, G.
L. Proteins1991, 9, 153 and references therein.

(32) Rosevear, P. R.; Chari, R. B.; Kozarich, J. W.; Sellin, S.; Mannervik, B.;
Mildvan, A. S.J. Biol. Chem.1983 258 6823 and references therein.

(33) (a) Cameron, A. D.; Ridderstrg M.; Olin, B.; Kavarana, M. J.; Creighton,
D. J.; Mannervik, B.Biochemistry1999 38, 13480. (b) Allen, K. N;
Lavie, A.; Farber, G. K.; Glasfeld, A.; Petsko, G. A.; Ringe, D.
Biochemistryl994 33, 1481. A glutamate ion assists in the ttansfer.

(34) Sellin, S.; Eriksson, L E.; Mannervik, Biochemistryl1987, 26, 6779.

(35) Weissermel, K.; Arpe, H.-Jndustrial Organic ChemistiytVCH Publish-
ers: New York, 1997; pp 303304.

JA0168458

J. AM. CHEM. SOC. = VOL. 124, NO. 8, 2002 1565



