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Copper-catalyzed oxidative and nonoxidative coupling reactions
have been known for more than a century. Prominent early examples
include the Glaser coupling of terminal alkynes' and Ullmann—Goldberg
cross-coupling reactions of aryl halides.> Among a wide range of new
copper-catalyzed coupling reactions reported in recent years,> one class
with growing importance is the Cu-catalyzed oxidative coupling of
boronic acids and heteroatom nucleophiles (eq 1), first reported by
Chan, Evans, and Lam in 1998.* These reactions typically employ
milder reaction conditions than the analogous Ullmann—Goldberg
reactions, and their applications have expanded significantly since the
initial reports. Despite this utility, the reaction mechanism is not
known and has never been the focus of systematic investigation.
Insights into these reactions could have broad implications for Cu-
catalyzed coupling reactions, including methods for aerobic oxidative
functionalization of C—H bonds.® In the present study, we elucidate
key mechanistic features of these reactions, including the identity of
the catalyst resting state and turnover-limiting step, and identify
principles that underlie the ability of copper, a metal that tends to
undergo one-electron redox changes, to mediate a two-electron
oxidative coupling reaction with a four-electron oxidant (O,).

[Cu]
A—B(OH), + Nu-H + 1/2 0, ———= Ar-Nu + B(OH); ()

Nu-H = alcohol, nitrogen nucleophile

The Chan—Evans—Lam (CEL) coupling reactions are compatible
with a wide range of heteroatom nucleophiles, including amines,
amides, nitrogen heterocycles, alcohols, and phenols. The Cu-
catalyzed methoxylation of tolylboronic ester 1 (eq 2), performed
under conditions inspired by those reported by Xie et al.,” provided
the basis for the studies described here. This reaction affords
p-methylanisole (2) in 88% yield after 6 h; p-cresol (3) is obtained
as a byproduct (12% yield).® Mechanistic studies were carried out
by performing the reaction in a sealed reaction vessel under an O,
atmosphere, which enabled the reaction progress to be monitored
by gas-uptake methods.® Gas chromatography was used to monitor
the organic reactants and products during the reaction.

5% Cu{OAc),
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Our initial studies focused on establishing features of the reaction
stoichiometry. O, can serve as a two- or four-electron oxidant in
Cu-catalyzed oxidation reactions. H,O, is typically obtained as a
byproduct in the former case.'® The quantities of O, consumed and
product formed reflect a 1:2 stoichiometry (Figure 1A), demonstrat-
ing that O, serves as a four-electron oxidant.

Many of the early CEL oxidative coupling reactions employed Cu''
as a stoichiometric oxidant. These studies, however, did not establish
whether Cul' served as a one- or two-electron oxidant: the two-electron
oxidative coupling reaction could involve a single Cu' center that

ArB(OMe), + MeOH ArOMe + B(OMe); (+ ArOH) 2)
3
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Figure 1. Analysis of reaction stoichiometry in Cu-catalyzed aerobic
oxidative coupling of ArB(OMe), and MeOH. See Supporting Information
for details.

undergoes reduction to Cu® or two Cu" centers that are reduced to
Cu". To address this issue, the methoxylation reaction was performed
under rigorously anaerobic conditions, and the amount of product
formed with respect to the initial [Cu''] was quantified (Figure 1B).
These experiments established that the Cu'//product stoichiometry is
2:1, indicating that Cu' serves as a one-electron oxidant. The Cul-
containing solutions obtained from these experiments were then
exposed to O,, and gas-uptake measurements established that Cu' reacts
with O, in a 4:1 stoichiometry (Figure 1C).

The experiments outlined above, summarized in Figure 1, are
consistent with an “oxidase”-style catalytic mechanism (Scheme
1)'" that features two key stages: (1) oxidative coupling of the
boronic ester and methanol mediated by 2 equiv of Cu"" and (2)
oxidation of Cu! to Cu by O,. This mechanistic framework
accommodates the experimentally observed 2:1 product/O,, 2:1 Cu'/
product, and 4:1 Cu/O, stoichiometries.

Scheme 1. Oxidase-Style Mechanism for Cu-Catalyzed Aerobic
Oxidative Coupling of Arylboronic Esters and Methanol

2Cu'%,
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Kinetic data, acquired by monitoring initial rates of O,-uptake,
reveal a first-order dependence on [Cu(OAc),], a saturation depen-
dence on [ArB(OMe),], and a zero-order dependence on [O]
(Figure S1). These results indicate that reoxidation of Cu! by O,
(Scheme 1, Stage 1) is fast relative to the substrate oxidation
sequence, and the kinetic dependence on [Cu(OAc),] and [ArB-
(OMe),] suggests that transmetalation of the aryl group to the copper
center is the turnover-limiting step.

Additional insights into the catalytic mechanism were obtained from
spectroscopic analysis of the reaction mixture. Aliquots of the solution
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Figure 2. EPR spectra acquired during the reaction time course and analysis
of the concentration of EPR-active Cu'' species present during the reaction.

were analyzed by EPR spectroscopy (77 K), and the spectra exhibit a
nearly axial EPR signal (g, = 2.09, g, = 2.08, g, = 2.40, and A, =
375 MHz). Integration of the signal indicates that essentially all of
the copper in the reaction exists as EPR-active Cu" (Figure 2).'> These
data suggest that the catalyst resting state consists of a Cu' species
with weak donor ligands. The lack of a strong-field aryl ligand is
consistent with kinetic studies, which suggest that formation an
arylcopper(Il) intermediate is the turnover-limiting step.

C—O0 bond formation occurs after the turnover-limiting step and,
therefore, cannot be probed directly under the catalytic conditions. One
mechanism proposed in the literature for C—O bond formation features
direct reductive elimination of a C—O bond from Cu" (Scheme 2A)."3
For this mechanism to be consistent with the observed Cu"/product
stoichiometry (Figure 1B), the resulting Cu® would need to undergo
comproportionation with Cu to produce 2 equiv of Cu! (Scheme 2A,
step if). This mechanism is problematic, however, because the relative
thermodynamic stabilities of Cu®, Cu!, and Cu" in methanol favor
disproportionation of Cu' into Cu® and Cu',"* a phenomenon confirmed
under catalytically relevant conditions.’

Scheme 2. Possible Carbon—0Oxygen Bond Forming Pathways
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An alternative C—O bond-forming pathway features an identical
reaction stoichiometry but proceeds via Cu™ (Scheme 2B). The arylCu!
intermediate is oxidized by another equivalent of Cu", forming an
arylcopper(Ill) species that undergoes C—O reductive elimination. This
mechanism finds a compelling analogy in recent studies by Ribas,
Llobet, Stack et al., who reported a Cumediated C—H activation
that results in formation of 0.5 equiv of an arylCu™ species (4) and
0.5 equiv of a Cu' complex (eq 3)."> The arylCu™ species was proposed
to form via oxidation of an arylCu'" intermediate by another equivalent
of Cu", analogous to step i in Scheme 2B. The arylCu™ complex 4
has been shown to undergo facile carbon—heteroatom bond formation
in the presence of O and N nucleophiles,'® including methanol,'”
analogous to step #i in Scheme 2B.

HN NH + Cu'(CI04), —55— 05 HN—cli;"'—N + 05 HN—c‘u‘—NH 3)

N HCIO, N “ll
4l (CIO4 ), [lere

The data and mechanistic considerations described above lead to
the following proposed mechanism for Cu-catalyzed aerobic oxidative
coupling of arylboronic esters and heteroatom nucleophiles (Scheme
3). The reaction is initiated by transmetalation of the aryl group from
B to Cu® (steps i and ii). The resulting arylCu" species is oxidized by
another equivalent of Cu" to yield an arylCu™ intermediate (step iii)
that can undergo facile C—O bond formation (step iv). Finally, rapid
aerobic oxidation of Cu' regenerates Cu", the resting state of the
catalyst. This mechanism differs from Pd-oxidase mechanisms'' in
that it features both one- and two-electron redox steps. Additionally,

this mechanism provides a valuable framework for the consideration
of other Cu-catalyzed aerobic oxidation reactions, including methods
for the oxidative functionalization of C—H bonds.® These “organo-
metallic oxidase” reactions are mechanistically distinct from biomimetic
oxygen-atom transfer (“oxygenase”) reactions, and they point toward
significant opportunities for the development of synthetically useful
methods for selective aerobic oxidation of organic molecules.

Scheme 3. Proposed Catalytic Mechanism

(HO)B(OMe); + Cu"X,

Cu'x, ArB(OMe);
1/2 Oz + HX + XB(OMe), + Cu'X /], i
cu' [CuMXz-ArB({OMe);]
Ar-OMe + HX~ ;
XB(OMe);

MeOH
Cull(AnX, i Cu'{AnX

Cu'X  Cu'Xy

Acknowledgment. We thank T. Stich and R. Clausen for
assistance in obtaining EPR data and P. Y. S. Lam for helpful
discussions. We are grateful to the DOE for financial support of
this work (DE-FG02-05ER15690).

Supporting Information Available: Experimental procedures, plots
of kinetic data. This material is available free of charge via the Internet
at http://pubs.acs.org.

References

(1) (a) Glaser, C. Ber. Dtsch. Chem. Ges. 1869, 2, 422-424. (b) Hay, A. S. J.
Org. Chem. 1962, 27, 3320-3321.

(2) (a) Ullmann, F. Ber. Dtsch. Chem. Ges. 1903, 36, 2382-2384. (b) Ullmann,

F.; Sponagel, P. Ber. Dtsch. Chem. Ges. 1905, 38, 2211-2212. (c) Goldberg,

I. Ber. Dtsch. Chem. Ges. 1906, 39, 1691-1692.

(a) Beletskaya, 1. P.; Cheprakov, A. V. Coord. Chem. Rev. 2004, 248, 2337—

2364. (b) Hassan, J.; Sevignon, M.; Gozzi, C.; Schulz, E.; Lemaire, M.

Chem. Rev. 2002, 102, 1359-1469. (c) Ley, S. V.; Thomas, A. W. Angew.

Chem., Int. Ed. 2003, 42, 5400-5449.

(4) (a) Chan, D. M. T.; Monaco, K. L.; Wang, R. P.; Winters, M. P. Tetrahedron
Lett. 1998, 39, 2933-2936. (b) Evans, D. A.; Katz, J. L.; West, T. R.
Tetrahedron Lett. 1998, 39, 2937-2940. (¢) Lam, P. Y. S.; Clark, C. G.;
Saubern, S.; Adams, J.; Winters, M. P.; Chan, D. M. T.; Combs, A.
Tetrahedron Lett. 1998, 39, 2941-2944.

(5) Chan, D. M. T.; Lam, P. Y. S. In Boronic Acids; Hall, D. G., Ed.; Wiley-
VCH: Weinheim, 2005; pp 205—240.

(6) (a) Chen, X.; Hao, X.-S.; Goodhue, C. E.; Yu, J.-Q. J. Am. Chem. Soc.
2006, 128, 6790-6791. (b) Hamada, T.; Ye, X.; Stahl, S. S. J. Am. Chem.
Soc. 2008, 130, 833-835. (c) Brasche, G.; Buchwald, S. L. Angew. Chem.,
Int. Ed. 2008, 47, 1932-1934 (d) Ueda, S.; Nagasawa, H. Angew. Chem.,
Int. Ed. 2008, 47, 6411-6413. (e) Ban, 1.; Sudo, T.; Taniguchi, T.; Itami,
K. Org. Letr. 2008, 10, 3607-3609.

(7) Lan, J.-B.; Zhang, G.-L.; Yu, X.-Q.; You, J.-S.; Chen, L.; Yan, M.; Xie,
R.-G. Synlett 2004, 1095-1097.

(8) Lam et al. have demonstrated via '*O-labeling studies that a phenol
byproduct arises from water serving as an oxygen nucleophile, not via
oxygen-atom transfer from O,: Lam, P. Y. S.; Bonne, D.; Vincent, G.;
Clark, C. G.; Combs, A. P. Tetrahedron Lett. 2003, 44, 1691-1694.

(9) See Supporting Information for details.

(10) See, for example: Chaudhuri, P.; Hess, M.; Florke, U.; Wieghardt, K.
Angew. Chem., Int. Ed. 1998, 37, 2217-2220.

(11) (a) Stahl, S. S. Angew. Chem., Int. Ed. 2004, 43, 3400-3420. (b) Stahl,
S. S. Science 2005, 309, 1824-1826.

(12) Three similar Cu" species are evident under catalytic conditions; see Figure
S2 for experimental and simulated EPR data. Very similar EPR spectra
are obtained from solutions of Cu(OAc), and B(OMe); in methanol. In
contrast, Cu(OAc), alone in methanol exists as a dimer that exhibits virtually
no EPR signal (cf.: Rao, V. M.; Sathyanarayana, D. N.; Manohar, H. Ind.
J. Chem. Sect. A1985, 24A, 417—418).

(13) See, for example, refs 3c and 5.

(14) (a) Randles, J. E. B. J. Chem. Soc. 1941, 802-811. (b) Datta, D. Indian
J. Chem. 1987, 26A, 605-606.

(15) (a) Ribas, X.; Jackson, D. A.; Donnadieu, B.; Mahia, J.; Parella, T.; Xifra,
R.; Hedman, B.; Hodgson, K. O.; Llobet, A.; Stack, T. D. P. Angew. Chem.,
Int. Ed. 2002, 41, 2991-2994. (b) Xifra, R.; Ribas, X.; Llobet, A.; Poater,
A.; Duran, M.; Sola, M.; Stack, T. D. P.; Benet-Buchholz, J.; Donnadieu,
B.; Mahia, J.; Parella, T. Chem.—Eur. J. 2005, 11, 5146-5156.

(16) Huffman, L. M.; Stahl, S. S. J. Am. Chem. Soc. 2008, 130, 9196-9197.

(17) Casitas, A.; Huffman, L. M.; Stahl, S. S. Ribas, X. Unpublished results.

JA9006657

€

=

J. AM. CHEM. SOC. = VOL. 131, NO. 14, 2009 5045



