JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by ISTANBUL TEKNIK UNIV

Communication

Mechanistic Study of Asymmetric Oxidative Biaryl Coupling:
Evidence for Self-Processing of the Copper Catalyst
to Achieve Control of Oxidase vs Oxygenase Activity
J. Brian Hewgley, Shannon S. Stahl, and Marisa C. Kozlowski

J. Am. Chem. Soc., 2008, 130 (37), 12232-12233 « DOI: 10.1021/ja804570b « Publication Date (Web): 19 August 2008
Downloaded from http://pubs.acs.org on February 8, 2009

COzMe

o
N'." = N + 1/2 o2
+ U2
!
N-Cu' \ é -NapHOX COzMe
H Y Catalyst Y
"Self-Processing"
Oxygenase Reactlwty
CO,Me

Steady-State
Oxidase Reactivity

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja804570b

JIAIC

S

COMMUNICATIONS

Published on Web 08/19/2008

Mechanistic Study of Asymmetric Oxidative Biaryl Coupling: Evidence for
Self-Processing of the Copper Catalyst to Achieve Control of Oxidase vs
Oxygenase Activity

J. Brian Hewgley,* Shannon S. Stahl,*$ and Marisa C. Kozlowski**
Department of Chemistry, Roy and Diana Vagelos Laboratories, University of Pennsylvania,
Philadelphia, Pennsylvania 19104-6323 and Department of Chemistry, University of Wisconsin-Madison,
1101 University Avenue, Madison, Wisconsin 53706

Received June 16, 2008; E-mail: stahl@chem.wisc.edu; marisa@sas.upenn.edu

The mechanistic understanding of dioxygen activation and
reactivity in biological copper-containing oxidases has grown
substantially in recent years.! Application of these insights to the
development of new catalytic oxidation reactions, however, has been
much more limited.>* We recently reported the development of
an effective chemical oxidase system that achieves aerobic oxidative
biaryl coupling (OBC) in high yield and enantioselectivity with a
1,5-diaza-cis-decalin copper(Il) complex, (N,)Cu"(OH)I (1), as the
catalyst (eq 1).*° This chemistry has enabled the enantioselective
synthesis of a variety of chiral 3,3'-disubstituted BINOL
derivatives,*” binaphthyl polymers,* and perylenequinone natural
products.*®f To facilitate ongoing efforts to develop new reactions,
we have initiated a mechanistic study of this catalytic process. Either
Cu' or Cu" catalyst precursors can be used to initiate the catalytic
reaction, but in both cases, we have observed an unusual kinetic
“burst” phase. Mechanistic studies under presteady-state and steady-
state reaction conditions provide intriguing insights into similarities
and differences between this synthetic catalyst system and biological
copper oxidases, including the ability to avoid undesired oxygen-
atom-transfer (“oxygenase”) reactivity under aerobic conditions.
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Many biological oxidase reactions proceed by a two-stage “ping-
pong” mechanism consisting of two separate half-reactions: (1)
substrate oxidation by the oxidized catalyst and (2) dioxygen-
coupled oxidation of the reduced catalyst. Our initial studies
supported such a mechanism for the OBC reaction (Scheme 1).
Copper(Il)-hydroxide complex 1 has been characterized crystallo-
graphically and exists as a trimer in the solid state.® This complex
is an effective copper source for catalytic OBC (eq 1) and promotes
stoichiometric substrate oxidation under anaerobic conditions.
Product 3 forms in a 1:2 ratio with respect to the copper
concentration, indicating that 1 serves as a one-electron oxidant.
The enantioselectivity of the stoichiometric reaction (91% ee) is
virtually identical to that observed under catalytic conditions.

To probe the catalyst reoxidation step, the corresponding diaza-
cis-decalin copper(I) complex, (N2)Cu'l, 4, was prepared. This
crystallographically characterized complex is an effective copper
source for the aerobic OBC reaction providing the identical
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Scheme 1. Hypothetical “Ping-Pong” Mechanism for
Copper-Catalyzed Aerobic Oxidative Biaryl Coupling
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enantioselectivity (93% ee) as 1. Furthermore, treatment with
molecular oxygen converts 4 into 1. In the absence of the naphthol
substrate 2, O,-uptake measurements reveal a 4/0, stoichiometry
of 4:1 with or without unreactive substrate analogue 5. Although
details of the copper(I)-dioxygen reaction pathway remain to be
elucidated, these observations, together with the substrate oxidation
reaction, support the proposed oxidase pathway in Scheme 1.
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The kinetics of the catalytic reactions were analyzed by HPLC
measurement of substrate and product concentrations and by
continuous gas manometry. When the reaction was initiated with
Cu" complex 1, the time course (Figure 1A) revealed an initial
burst of product formation followed by slower steady-state turnover.
The burst reflects stoichiometric oxidation of the substrate by 1,
resulting in formation of ~0.5 equiv of product. The slower steady-
state rate suggests that the chemistry of OBC (Stage I, Scheme 1)
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Figure 1. (A) Kinetic time course for product (3) formation in the OBC
with catalyst 1 from HPLC. Conditions: [2] = 94 mM, [4-biphenyl phenyl
ether] = 23 mM, [1] = 2 mM, atmospheric O, MeCN, 40 °C. (B) Kinetic
time course for the OBC with catalyst 4. (Blue) Actual O, uptake; (red)
umols [2] consumed divided by 4; (green) umols [3] formed divided by 2.
Conditions: [2] = 151 mM, [4] = 10 mM, pO, = 840 Torr, [4-biphenyl
phenyl ether] = 42 mM, 6 mL of MeCN, 40 °C. Concentrations of 2 and
3 determined by GC.
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Figure 2. Dependencies of steady-state rate in MeCN at 40 °C. (A)
Dependence on catalyst 4 concentration: [2] = 120 mM, pO, normalized
to 849 Torr. (B) Dependence on initial O pressure: [2] = 190 mM, [4] =
10 mM. (C) Dependence on substrate 2 concentration: [4] = 13 mM, pO,
normalized to 849 Torr. (D) Lineweaver—Burk plot of Figure 2C.

is not rate determining and points to reoxidation of the catalyst by
O, (Stage II, Scheme 1) as the rate-determining step.

Reactions with Cu' complex 4 were examined with the expecta-
tion of a linear product-formation profile associated with the steady-
state rate in Figure 1A. However, another burst phase was observed,
this time corresponding to the rapid consumption of 0.25 equiv of
molecular oxygen (Figure 1B). Formation of product 3 was not
observed until after the oxygen-uptake burst. The steady-state
catalytic turnover rate is identical for both catalyst precursors, and
kinetic analysis reveals that this rate exhibits a first-order depen-
dence on [4] and [O,] (Figure 2A and 2B). Taken together, these
data indicate that aerobic oxidation of the catalyst is indeed the
turnover-limiting step of the reaction (Stage II, Scheme 1). The
gas-uptake burst observed with 4 as the catalyst precursor, however,
indicates that 4 itself cannot be the catalyst resting state.

The burst behavior with Cu' complex 4 provides a clue into the
identity of the actual catalyst. Figure 1B reveals that substrate 2 is
consumed in the burst; however, this material is not transformed
into product 3 but instead yields a substrate oxygenation product,
designated NapH?X. This oxygenase reactivity is not observed after
the burst phase is complete. During steady-state turnover, substrate
2 is converted exclusively into product 3 (Figure 1B). These results
suggest selective oxidase reactivity arises from enlistment of a
cofactor, NapH®¥, formed in a catalyst “self-processing” event
analogous to that characterized in biological catalysts, such as amine
oxidases.” We speculate that the combination of NapH®* with the
(N)Cu complex forms the kinetically competent catalyst (e.g., 6,
Scheme 2) that effects the highly selective oxidase activity observed
in the OBC reaction (Scheme 2). NapH®X is likely a quinone as
supported by the isolation of ortho-quinones 8 and 9 from reaction
mixtures that were halted within the first turnover (5 min).

Oxidation of a substrate/Cu-cofactor complex, such as 7, is
proposed to be the rate-determining step under steady-state condi-
tions. The “sequential” mechanism in Scheme 2 differs from the
“ping-pong” mechanism often encountered in biological oxidase
catalysis; however, this proposal accounts for the first-order
dependencies of catalyst precursor [4] and [O,] and the saturation
dependence on the substrate [2] (Figure 2).

In conclusion, several unique features of the catalytic OBC with
1,5-diaza-cis-decalin copper complexes have been identified. Copper
complexes 1 and 4 are effective precatalysts for the OBC reaction,
but they do not comprise the active redox couple under steady-state
conditions. Copper(I) complex 4 exhibits presteady-state oxygenase

Scheme 2. “Sequential” Mechanism for Copper-Catalyzed Aerobic
OBC Consistent with the Kinetic Data
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activity in the presence of substrate 2 to produce a cofactor that alters
the reactivity of the Cu catalyst. The modified catalyst reacts somewhat
more slowly with O, than 4, but it exhibits exclusive oxidase activity,
achieving C—C bond formation with enantioselectivities nearly identi-
cal to those obtained in the stoichiometric oxidative coupling reaction
promoted by Cu'" complex 1. Further studies are needed to elucidate
the precise identity of the cofactor NapH®X and the steady-state
catalyst 7, but the present results highlight important opportunities to
achieve selective modulation of oxidase vs oxygenase activity in
aerobic oxidation reactions.

Acknowledgment. Financial support was provided by the NSF
(M.C.K.: CHE-0616885), the NIH (M.C.K.: CA109164), and the
DOE (S.S.S.: DE-FG02-05ER15690). The invaluable assistance of
Dr. Patrick Carroll in obtaining the X-ray structure is gratefully
acknowledged. We thank B. A. Steinhoff for helpful discussions
and assistance with gas-uptake kinetics experiments.

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

References

(1) For selected reviews, see: (a) Mirica, L. M.; Ottenwaelder, X.; Stack, T. D. P.
Chem. Rev. 2004, 104, 1013. (b) Lewis, E. A.; Tolman, W. B. Chem. Rev.
2004, 104, 1047. (c) Hatcher, L. Q.; Karlin, K. D. J. Biol. Inorg. Chem.
2004, 9, 669. (d) Solomon, E. I.; Chen, P.; Metz, M.; Le, S.; Palmer, A. E.
Angew. Chem., Int. Ed. 2001, 40, 4570.

Noteworthy success has been achieved in aerobic alcohol oxidation. For

leading references, see: (a) Wang, Y. D.; DuBois, J. L.; Hedman, B.;

Hodgson, K. O.; Stack, T. D. P. Science 1998, 279, 537. (b) Chaudhuri, P.;

Hess, M.; Muller, J.; Hildenbrand, K.; Bill, E.; Weyhermuller, T.; Wieghardt,

K. J. Am. Chem. Soc. 1999, 121, 9599. (c) Marko, 1. E.; Gautier, A.;

Dumeunier, R. L.; Doda, K.; Philippart, F.; Brown, S. M.; Urch, C. J. Angew.

Chem., Int. Ed. 2004, 43, 1588. (d) Gamez, P.; Arends, I.; Sheldon, R. A.;

Reedijk, J. Adv. Synth. Catal. 2004, 346, 805.

(3) For a survey of “bio-inspired” copper-catalyzed oxidation reactions, including
industrial examples, see: (a) Gamez, P.; Aubel, P. G.; Driessen, W. L.;
Reedijk, J. Chem. Soc. Rev. 2001, 30, 376-385. (b) Punniyamurthy, T.; Rout,
L. Coord. Chem. Rev. 2008, 252, 134. (c) Thomas, F. Eur. J. Inorg. Chem.
2007, 2379. (d) van der Vlugt, J. L; Meyer, F. Top. Organomet. Chem. 2007,
22, 191-240.

(4) (a) Li, X.; Yang, J.; Kozlowski, M. C. Org. Lett. 2001, 3, 1137. (b) Li, X.;

Hewgley, J. B.; Mulrooney, C. A.; Yang, J. M.; Kozlowski, M. C. J. Org.

Chem. 2003, 68, 5500. (c) Xie, X.; Phuan, P. W.; Kozlowski, M. C. Angew.

Chem., Int. Ed. 2003, 42, 2168. (d) Mulrooney, C. A.; Li, X.; DiVirgilio,

E. S.; Kozlowski, M. C. J. Am. Chem. Soc. 2003, 125, 6856. (e) DiVirgilio,

E. S.; Dugan, E. C.; Mulrooney, C. A.; Kozlowski, M. C. Org. Lett. 2007,

9, 385-388. (f) O’Brien, E. M.; Morgan; B. J.; Kozlowski, M. C. Angew.

Chem., Int. Ed. Early View; DOI: 10.1002/anie.200800734.

For related work, see: (a) Smrcina, M.; Polakova, J.; Vyskocil, S.; Kocovsky,

P. J. Org. Chem. 1993, 58, 4534. (b) Nakajima, M.; Kanayama, K.; Miyoshi,

I.; Hashimoto, S. Tetrahedron Lett. 1995, 36, 9519. (c) Nakajima, M.; Miyoshi,

I.; Kanayama, K.; Hashimoto, S.-I1. J. Org. Chem. 1999, 64, 2264. (d) Kim,

K. H.; Lee, D. W.; Lee, Y. S.; Ko, D. H.; Ha, D. C. Tetrahedron 2004, 60,

9037. (e) Roithova, J.; Schroder, D. Chem.—Eur. J. 2008, 14, 2180.

(6) Kozlowski, M. C.; Li, X. L.; Carroll, P. J.; Xu, Z. R. Organometallics 2002,
21, 4513.

(7) (a) Klinman, J. P. Proc. Natl. Acad. Sci. U.S.A. 2001, 98, 14766. (b) Mure,
M. Acc. Chem. Res. 2004, 37, 131. (c) Brazeau, B. J.; Johnson, B. J.; Wilmot,
C. M. Arch. Biochem. Biophys. 2004, 428, 22. (d) DuBois, J. L.; Klinman,
J. P. Arch. Biochem. Biophys. 2005, 433, 255.

JA804570B

@

-

5

=

J. AM. CHEM. SOC. = VOL. 130, NO. 37, 2008 12233


http://pubs.acs.org/action/showImage?doi=10.1021/ja804570b&iName=master.img-004.png&w=228&h=155
http://pubs.acs.org/action/showImage?doi=10.1021/ja804570b&iName=master.img-005.jpg&w=237&h=117

