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The direct C-arylation of free (NH)-azoles holds significant Scheme 1. A New Approach to C-Arylation of (NH)-Azoles (route
synthetic potential as it eliminates the need for introducing B

protecting groups and reactive functionalities prior teCforma- RMgX @ Ar-Pd-X(Lz)

tion, thereby enabling direct access to valuable heteroaromatic *) | or MgO N Arxfr%rg(o) .
compounds. Such methods require selective targeting-¢f Bonds MgX ’ ' 1

in the presence of a reactive-¥ functionality! Faced with this N ()  Ar-Rh-(OPiv)y(L), \
challenge, we have recently employed azolylmagnesium or zinc @:} . ©'\/N\'Ar
salts as “protected” and “activated” substrates in a palladium (or H from ArX, Rh(l), L, CsOPiv H

cobalt)-catalyzed coupling with haloarenes (Scheme 1, roufé A).
However, due to the presence of the-M moiety (M = Mg, Zn),

this approach suffered from considerable moisture sensitivity and
limited functional group scop®.Herein, we report an entirely 1
different solution to this problem, which rests on the high reactivity P
and selectivity of arytrhodium(lll) complexes, formed in situ, and
allows direct arylation of free (NH)-indoles and pyrroles in the
presence of a mild base (route B).

This project was initiated by uncovering an exciting lead,;
selective C-2 arylation of free indole was detected in the presence 4 Boc.,
of [Rh(coe}Cl], (coe= cis-cyclooctene), triphenylphosphine, and
a weak base. On the basis of the assumption that this process 5
proceeded via electrophilic metalation, we examined electron-
deficient phosphines, which in turn led to the identification of NHTosyl
[p-(CF3)CeHy)sP as the best performing ligand. Subsequent opti- (\b/p-Tol 81%
mization of other reaction parameters, notably, the base (see below) H
and the solvent, led to an efficient and selective catalytic system N NN 0%
(Table 1, entry 1). Thus, the cross-coupling of indole and iodo- 7 &/\l[) wph
benzene was achieved in the presence of [Rh{Gdg) (1),

[p-(CF3)CeH4]sP, and CsOPiv, furnishing 2-phenyl indole in 82%  For complete list of substrates (15 examples), see Supporting Informa-
isolated vield with llent . lectivity 60:1 tion. Reaction conditions: 1 equiv of azole, Arl (1.2 equiv), CsOPiv (1.4
isolated yield with excellent regioselectivity 60:1). equiv), 1 (2.5 mol %), L (15 mol %). Dioxane/128C/18-36 h.? Indole

Next, we examined the functional group compatibility and (1.17 g),1 (1 mol %), L (6 mol %), all reagents weighed in air, 120/56
substrate scope of this new system. Of particular interest were theh. L= [p-(CFs)-CeHa]3 P.
protic functional groups, such as carbamate, carboxamide, and
sulfonamlde, which werg problematic .for the previous methods complex1 (Table 1, entries 1 and 2).
err_1p.|oy|ng azolylmagne_smm salt;. This was due t9 the grer_:lter In the course of our investigation, the key importance of the
acidity of these groups In comparison tc_) that of the indole amine 556 \yas noted as only cesium carboxylates gave appreciable yields
(e.g., K of sulfonamide~ 13, azole amine- 21). Remarkably,  ( arhonates and phosphates of alkali metals as well as amines were

these functionalities were well tolerated under the new catalytic ineffective); CsOPIv clearly stood out as the base of choice (CSOAC
conditions, affording the corresponding 2-phenyl derivatives as the \grss CsOPiv, 45 versus 82% yield). These observations led us

Table 1. Substrate and Functional Group Scope?
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dling, and gram scale experiments employing only 1 mol % of

principal products in good yield (Table 1, entries§. This {5 examine the mechanism, including the role of pivalate, in more
represents an important advance in the scope of the arylationdetail. The3!P NMR of the catalytic reaction mixture revealed a

methodology ashe new system targets-& bonds exclusily in single observable Rhphosphine specie® (25.2 ppm, dJrnp =

the presence of two acidic-NH bonds 113 Hz), which was later isolated and characterized as Rh(@Piv)

Other common groups including halide, ketone, and ester were (Ph)L, {2, L = [p-(CF3)CsHa]sP}. Complex2 was also synthesized
also compatible (see Supporting Information). A notable exception independently on a preparative scale in 89% yield from [Rh-
was 7-azaindole, which was completely inert under the reaction (coe)Cly],, the phosphine ligand, iodobenzene, and CsOPiv (Figure
conditions (Table 1, entry 7). The inactivation by the basi€ sp 1A). Thus, ligation of rhodium(l) by the phosphine, oxidative
nitrogen represents a significant limitation of the present method addition of iodobenzene, and displacement of the halides by pivalate
and will be addressed in the futdreOtherwise, this protocol  at the Rh(lll) center describes the likely course of events. Owing
displayed low moisture sensitivity and allowed the direct use of to unfavorable solubility properties &, its tolyl analogue, Rh-
commercial chemicals without further purification, benchtop han- (OPiv)(4-tolyl)L, (3), was prepared in a similar manner (55%
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Scheme 3. Proposed Catalytic Cycle?
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Figure 1. (A) Synthesis of2 and 3. (B) X-ray structure of3 (ORTEP). aL = [p-(CFs)CsHa4]3P.

Scheme 2. Reactivity of Complex 22 . . . . o
of functional groups, including those with acidic NH bonds. We

L — ©I\/}—Ph propose that this remarkable selectivity stems from a greater
Ph\RIh,opiv . a H 65% electrophilicity of the Ar-Rh(lll) fragment [as compared to Ar
PivO™ ! + (zg':gljiv) T+ csoPv 81% Pd(IN], fu.rther aggmented.by the “electron-deficient” phpsphing
2 a 0% and the pivalate ligand, which translates to higher reactivity of this

intermediate and, consequently, milder reaction conditions. In stark
contrast to N-metalation and activation of the azole substrate by
magnesium or zinc bases, CsOPiv activates the rhodium catalyst
by providing the required pivalate ligand, which in turn plays an
important role in the key €H metalation step.

e
+ CsOPiv
+ Tol-l
aL = [p-(CRs)CeH4] 3P, 4-Tol= p-(CHz)CeHa. Conditions: 2 (25 mM),
dioxane, L (1 equiv), 120C, 120 min.

yield), and this complex yielded to crystallographic analysis.
Complex3, in the solid state, is a five-coordinate rhodium species,
containing two monodentate pivalate ligands (Figure 1). The
ORTEP diagram revealed a surprising square pyramidal structure
with five atoms (P1, P2, O1, 03, and Rh) forming the base plane.
Rhodium complexX proved to be a competent catalyst, identical
to the [Rh(COEXCI]/[ p-(CF3)CeH4]3P system in terms of rate and
chemical yield. In stoichiometric experiments (in the absence of
Phl and CsOPiv), compleXreacted with indole at 12TC to furnish
2-phenyl indole in 65% yield (Scheme 2). This reaction displayed
well-behaved initial rate kinetics (Supporting Information) and was
determined to béirst order in complexX2 and indole, inerse first
order inL, and zero order in PhlAlthough the yield of this reaction
could be improved by the addition of CsOPiv and 4-Tol-1, the initial

rate was not affected by these reagents. Thus, it seems that both
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CsOPiv and 4-Tol-I serve as trapping reagénisieventing
decomposition of the Rh(I) fragment formed in the reaction, instead
of directly participating in the €H bond functionalization.

These results are consistent with the following overall structure
of the catalytic cycle. CompleRis assembled in situ and represents
the resting state of the catalyst. Subsequently, displacement of the
phosphine ligand by indole takes place in a pre-equilibrium to form
complex4, which is followed by the slow €H bond metalation
step (Scheme 3). The resulting intermedi&t¢hen undergoes
reductive elimination, furnishing the desired coupling product. The
rhodium(l) complex formed in this step is rapidly converted back
to the resting state via oxidative addition of iodobenzene and
halide—pivalate exchange. Thus, in brief, the oxidative addition of
haloarene precedes the slow-8 transformation step®

This model is further supported by the large kinetic isotope effect
(ka/kp = 3.0) at the 2-position of indole. Although the intimate
mechanistic details of the €H metalation step are unclear, we
propose that the pivalate ligand assists theHbond dissociation
as an internal base. This is consistent with the fact that the initial
rates of the reaction between indole and comglesere not affected
by the addition of CsOPi10

In summary, we describe a novel system for direct C-arylation
of free (NH)-indoles and pyrroles, with tolerance for a wide range
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