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Biaryl linkages are key features of diverse natural products,

pharmaceuticals, materials, and many other important organic @_@ 5 mol % P(OAC), e o
molecule_sl. T_he most common method fo.r biaryl <€ bond —N 2 equiv Oxone 186%) - (2)
construction is metal-catalyzed cross-coupling between two func- PrOH, 25 °C, 17 h

tionalized starting materialsMore recently, several groups have
developed G H activation/C-C bond forming reactions that use  Table 1. Substrate Scope of Oxidative Coupling Reactions?

an arene €H bond as one of the coupling partners, offering the entry substrate product product #, yield?
advantages of enhanced efficiency and decreased byproduct forma- _
tion.12 However, from the perspectives of operational simplicity, 1 Q—@ 2,41%
availability of starting materials, and atom economy, an even more H
attractive approach to biaryls would be the direct oxidative coupling
of two unfunctionalized arenes (eq43#In such a transformation, 2 Cé—@ 3, 86%
both starting materials could be used directly without prior H
functionalization, and the sole byproduct would be 2 equiv of H c
As such, the development of catalytic and highly regioselective 3 @_@ 4 82%
methods for the oxidative coupling of substituted arenes remains N
an ongoing synthetic challengé.
Catalyst &
AcH  +  HoAr —oXdant o ar (1) 4 M 567
—2H* H
f’d' salts in conjunction with termlna_l ox_ldants, sgch asand 5 W K 6 a4
Ad', are well-known to promote the oxidative coupling of arenes/ Nod e
heteroarenes to produce mixtures of biaryl prod&ét§€ However,
to date, the utility of these transformations has remained limited entry  substrate product isomera) product (isomer b) yield (ratio a: b}®
due to slow reaction rates, low conversions/yields, and lack of RH, X
selectivity (substituted arenes typically afford complex mixtures AH, X
of regioisomeric and oligomeric products)We reasoned that the N Y
efficiency and selectivity of these processes might be rendered Ha
synthetically useful by incorporating appropriate directing groups
into the arene substratéémportantly, a similar approach has been 6 X<CFy Yo Ret 74 75 4% (1.7:1)
used for the selective functionalizationatho-C—H bonds in other
Pd-catalyzed €H activation/oxidation reactiorfs’ We report 7 X=OMe;Y=H;R=Me  &a &b 76% (1:13]
herein that 2-arylpyridines undergo highly regioselective Pd- 8  X=ClY=Cl: R=H 9-a 9b 58% (1.1 : 1)

catalyzed oxidative €C couplingat room temperaturaith Oxone
as a terminal oxidant. Furthermore, we provide preliminary
mechanistic evidence that these transformations proceed by a new, aconditions: 5-10 mol % of Pd(OAG), 2 equiv of Oxone in MeOH,

highly unusual mechanism involving two different-€l activation i-PrOH, CRCHzOH, or MeNQ at 25-60 °C for 17 h.PIsolated yield
steps-one at P and one at PY. (average of two runs).
Our initial investigations focused on the dimerization 06-2- Oxidative coupling was effective and highly regioselective for

tolylpyridine. After surveying a variety of oxidants, solvents, and a variety of other 2-arylpyridine derivatives (Table 1). With
catalysts (Tables S1S3), we found that 5 mol % of Pd(OAc) 2-phenylpyridine (entry 1), dime2 was obtained in significantly
and 2 equiv of Oxone in-PrOH at room temperature served as lower yield thanl, due to further oligomerization of the product.
optimal conditions for this transformation, providing prodddn This competing oligomerization could be attenuated by placing a
86% isolated yield (eq 2 Importantly,1 was obtained cleanly as  substituent at the 3-position of the pyridine (entry 2) or by blocking
a single regioisomeric product, presumably due to the directing one of theortho sites on the arene (entries-8), which both serve
ability of the pyridine substituent. Oxidants that have been used to inhibit subsequent directed-@ activation reactioné Notably,
previously for P#0-catalyzed oxidative couplings (e.g., air, AgF, avariety of arene substituents, including Me, OMe, F, and Br, were
AgOAC) did not afford any of produdt, suggesting that the current  well tolerated in these transformations. The lack of side reactions
reactions are not operating within a traditional”®anechanistic with aryl bromides, even when placed at tr¢ho-position (entry
manifold4—6 4), is particularly remarkable and is in contrast to traditional
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Scheme 1. Possible Mechanisms for Oxidative Coupling
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Mechanism Il. Ti lation (at Pd™) Mechanism IV. S d C-H Activation (at Pd')
Ullmann-type reactions for arene couplihdnterestingly, 2-(2- observed in this reaction, providing additional evidence against
thienyl)pyridine underwent clean pyridine-directed coupling at the mechanisms | or Il.
p-position; in contrast, most Cu-, Fe-, and Pd-mediated couplings
of thiophene derivatives are highly selective for reaction at& b d”..éc . @_@ Oxone
Substrates containinmetasubstituents (X) on the arene ring - “*-7 N MeOH
reacted to form mixtures of two isomeric dimers (entries8h (2eauw) 2%5 m?n {4)
The two regioisomersone symmetrical (resulting from bis coupling
at the less sterically hinderextho-site) and one unsymmetrical N + =N +
were typically obtained in close to a 1:1 ratio, although the product ! Cé?“_‘)
distribution did vary somewhat as a function of-Xintriguingly, (10} 1
these modest selectivities are in sharp contrast to previous studies <1% Observed

of directed C-H activation at Pt in which the less hindereattho- N L . .
C—H, bond is activated with hightypically >20:1—selectivity’® Significant support for a mechanism involving two discreteHC

These unexpected results provided initial evidence that a novel activation steps (rather than_ transmeta_latior_1 between Pd centers)
mechanism might be operating in the current reactions. was obtained from the experiments outlined in eq 5. Compl&x
As summarized in Scheme 1, we considered four potential (which is palladated with>20:1 selectivity at the less hindered

mechanisms for these transformations, all of which begin with ortho-position) reacted with 2-tolylpyridine to afford a single
observable heterodiméd.-a In contrast, compleA-1 reacted with

3-methyl-2-(3-trifluoromethyl)phenylpyridinés] to produce a 5:1
mixture of regioisomeric heterodimetd-aand11-b. These data
followed by C-C coupling to releas8. (Notably, such transmeta- strongly suggest tha is introduced onto the Pd center in two

lation/disproportionation reactions have been proposed as key stepéj'scre,t,e G-H actlv.atlon stepawith vastly dlﬁerent degrees (?f
in many previously reported Beatalyzed oxidative coupling selectvlty (mechanisms Il or 1V), rather.than via _transmetalatlon
processes’ys In contrast, mechanisms 11l and IV proceed via a [T0M @ single common cyclopalladated intermediate.

second C-H activation step (occurring either at'PdomplexA or FiC

i Ac
. i 11 bt o 1 Oxone
at Pd¥ complexC), followed by C-C coupling to form3. g N’Pdu\>,+ Q}_@ _l (111201

(A-2) 2
\g é?\ gﬁ. Oxone 7
LI ‘""F e N !
NrF’d\/ + /%Na I / v
= MeCH (
a) "2 (A1)"2 p5uc 97 h P,

<1% Observed _
(<1% of 1 and 3 as well) A CFy
gy O (é_@ l (1-a:11b=5:1)
N’Pd\7 * Ay Oxone

Our investigations began by probing the viability of the two (A1) 2 €
transmetalation mechanisms | and Il. Both require that cyclometa-
lated ligands from two different Pccomplexes exchange between Our studies next sought to distinguish between mechanisms Il
metal centers prior to €C bond formation. Therefore, a coupled and IV. As shown in Scheme 1, mechanism Il involves i
product resulting from crossover betwegrand A-1 (whereA-1 activation of a second equiv of substrate at RrdermediateA to
contains 2e-tolylpyridine as the cyclometalated ligand) would be form the biscyclometalated compl& To study this mechanism,
expected for both mechanisms. However, as shown in eq 3, we independently prepared a sampleBdf and treated it with 1
stoichiometric reactions betweénandA-1 yielded <1% of the equiv of AcOH (which would be present in the reaction mixture
anticipated crossover produdt. following the second €H activation event). This reaction resulted
We reasoned that the presence of free arylpyridine substratein the quantitative formation of 1 equiv & and 1 equiv of free
(which is in large excess under the catalytic conditions) might be 2-phenyl-3-methylpyridine (eq 6), indicating that any equilibrium
required for transmetalation, and therefore crossover, to occur. AsbetweenA and B should lie far to the left. On the basis of this

palladation of the arylpyridine substrate to producé Bdmplex
A. Mechanisms | and Il then involve transmetalation frArteither
to a second equivalent oA or to a transient PY speciesC)

CFy

(5)

such, we also explored the stoichiometric reactioA efith 2 equiv result, mechanism 1l would require fast equilibration betwéen
of free 2o-tolylpyridine (eq 4). Howevers 1% of product3 (which andB, followed by trapping of the transient intermedid&ewith
would be formed from transmetalation between 2 equikpivas oxidant?
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Quantitative
(by "H NMR)

=<

1 equiv
AcOH

Independently
Synthesized

We probed for the possible intermediacy of biscyclometalated
analogues ofB by studying equilibration between two slightly
differentiated complexeA-1 andA-3 and the corresponding free
arylpyridines (eq 7). If traces of biscyclometalated intermediate
were formed under the reaction conditions, it should undergo
protonation by AcOH to produce mixtures Af1 andA-3, thereby
resulting in equilibration between these two species. However,
attempts to approach this equilibrium from either side at’@5
over 24 h resulted in no observable reaction, providing strong
evidence against the participation of mechanism Il in these
reactions3-15

with or w/o

. ACOH S _ AcOH "
AC  a.iTToLL -Pd T.TIIle Ac t
%y MeoH & N’B o' veon <Op SN
W ....,_7 e {B-1) et N d‘N i
(A1) 2 24n 24h 27 (ag ==

No change in either direction by "F NMR
No equilibration between A-1 and A-3

Only mechanism IV, which involves two different-€H activa-
tion events-one at Pt and one at P¥—is consistent with all of

the experiments described above. This mechanism also offers a

possible rationale for the low regioselectivity of the seconeHC
activation step, as a highly electrophilic'Pdenter is likely to be
more reactive and therefore less selective in electrophitdiC
activation reaction& Notably, the relative reactivity of Pdrersus

PdV in C—H activation has not been previously assessed because,

to our knowledge, this report represents the first example-afiC
activation at a PY centert’

In summary, this communication describes a Pd-catalyzed
intermolecular oxidative €C coupling reaction that takes place
at room temperature and proceeds with high levels of regioselec-
tivity. Mechanistic studies suggest a previously unprecedented
mechanism for this transformation, involving two sequentialtC
activation reactions at Pand P&, respectively. The dramatically
different selectivity of the two €H activation events should be
synthetically useful, as it opens the possibility of oxidative cross-
coupling reactions between two different-@& substrates. More
broadly, this work suggests that'Pihtermediates are sufficiently
long-lived and reactive to participate in fundamental organometallic
transformations prior to undergoing reductive elimination. Ongoing
studies seek to exploit such transformations for the development
of novel catalytic reactions that would not be accessible within
traditional Pd" reaction manifolds.
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