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ABSTRACT

The synthesis and catalytic evaluation of palladium complexes containing imidazolyl carbene ligand of varying steric and electronic properties

is reported. These complexes catalyze the efficient C  —H arylation of SEM-protected azole heteroarenes and thus provide a good method for
preparation of a wide range of arylated free (NH)-azoles including pyrroles, indoles, imidazoles, and imidazo[1,2- alpyridines. The reaction is
operationally simple; the complexes are insensitive to moisture.

Azoles are ubiquitous features of natural products, pharma-(NH)-azoles still remains a significant synthetic challenge.
ceuticals, and fluorescent dyes, as well as many otherCurrently, there are two approaches to this problem: (1)
synthetics. This broad range of uses of azoles and relatedarylation of azole magnesidrand zinc salfsformed in situ
heteroarenes warrants the development of efficient and cost-and (2) direct rhodium-catalyzed arylation of free (NH)-
effective methods for their elaboration. The recent advancespyrroles and indole$While the former method suffers from
in transition metal catalysis have unlocked many exciting significant moisture sensitivity, the latter one is limited in
opportunities in this arena. New synthetic strategies such asscope, most notably it is not applicable to imidazoles and
the direct functionalization of pC—H bonds are now  pyrrazole$ A new method for C-2 arylation of benzimida-
emerging as viable alternatives to traditional cross-coupling zole and related systems has been repdrted.
reactions. In these instances, the need for preactivating one  We have recently reported a practical palladium-catalyzed
of the reaction components as its halide, tin, silicon, or boron arylation of 1-alkyl indole$. A major drawback of this
derivative is thus circumvented. The current repertoire procedure was the formation of biphenyl byproducts, which
includes catalytic systems for arylation of 1-alkyl/aryl azoles was marginalized by using low catalyst loading. Although
and binuclear azol€’s* However, the direct arylation of free  satisfactory in the context of simple alkyl indoles, many
attractive but less reactive substrates such as SEM-protected
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azoles were ineffective. SEM (2-(trimethylsilyl)ethoxy- [ NN

methyl) represents a versatile and robust protecting group

for azoles that can readily be removed under a variety of 1a (0.5 mol %)

reaction conditiong.Herein, we disclose a catalytic system @ CsOAc (2.0 equiv) @Ph
that allowed the efficient arylation of SEM-protected azoles, N Phi (1.2 equiv) N
which in turn enables rapid preparation of a wide range of 2 R DMA, 125°C. 3 R
arylated free (NH)-azoles.

Design of new catalyst precursors was founded on the @ @ @ @ @
premise that one robust ligand (permanent ligand) should N N N N N
be attached to the palladium center to improve its stability, Ph SEM H Ts A
modulate its reactivity, and disfavor biphenyl formation. 2a(80%) 2b(47%) 2c(race) 2d(0%)  2e(0%)
Also, a labile ligand (i.e., P#?) should improve the stability
of the entire complex while in the reaction mixture it would
be readily displaced by the substrate.

Led by the above criteria, 'L2PdX, palladium complexes We next comparedato the other catalysts using 1-SEM-
wherein I = N-heterocyclic carbene (NHCs) and & indole (2b) as the model substrate. All four complexes
phosphin@were identified as promising leads. Accordingly, catalyzed the arylation &b, albeit with different efficiency
we initiated the synthesis of a series of these catalysts with (Figure 3).
particular emphasis on the steric and electronic properties
of the carbene ligand. The requirement for sufficient steric
demand of the carbene ligand became rapidly apparent,

which led to selection of four complexdsa—d for further A cat (0.5 mol %)
L : ) ) 1 | CsOAc (2.0 equiv) W
examination (Figure 13° With the exception ofLc ! these N - | Ph
N

o]

Figure 2. Relative reactivity of (NR)-indoles.
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Figure 1. Structure of palladium complexes (catalyst precursors)

investigated in this study. Figure 3. Direct comparison of catalystéa—d, conversion
established by HPLC or GC analysis with benzoic acid and
dodecane, respectively, as internal standards (average3ifuhs).

catalysts may be purified by silica gel chromatography. In
addition, they are characterized by a high tolerance to air
and moisture. Interestingly, the activity of the bulky and more electron-

The initial results revealed that the direct arylation of rich complex 1b mirrored that of the electron-deficient
1-SEM-azoles was feasible, suggesting the superior perfor-analoguela, implying the predominant role for sterics.

mance ofla in comparison to our previous Syst@nAs Related systemdc and 1d, containing the popular IMes
expected, the less reactive substra@ese failed (Figure 2),  ligand, also performed welld was clearly superior in terms
which is consistent with the electrophilic metalation hypoth- of both rate and conversion.
esis proposed for these reactiérs. As our objective was to develop an operationally simple
arylation procedure, we chode for the exploration of the
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arylated in the free (NH)-forri.® Tables -3 presentawide  predominantly yielded the 2-arylation products, a regio-
array of substrates, demonstrating a good functional groupselectivity that is only significantly altered by the use of
tolerance. The arylation of 1-SEM-indole proceeded with ortho-substituted aryl halides (Table 1, entry 5).
complete conversion and good isolated yield with relatively ~ The direct arylation of 2- or 3-substituted indoles to
low catalyst loading (1.5 mol %). Bromobenzene can also generate 2,3-disubstituted products still remains a major
be used in this process; however, it affords only modest yield challenge. We were pleased that the prototype substrate
of the product and low regioselectivity. It is worth noting 3-methylindole (Table 1, entry 6) was efficiently arylated.
that both nitro and cyano functionalities are tolerated on the However, electronically deactivated analogues as illustrated
benzene ring of indole. The reactions with iodo donors by methyl indole-3-carboxylate only afforded low yields of
the corresponding products (Table 1, entry 7). Nonetheless,

I | this example demonstrates the feasibility of accessing such

Table 1. Substrate Scope of the Reacfién attractive products in a single synthetic operqtlon. The currgnt
- 2 ] G R2 methodology also addressed the problematic direct arylation
\4\2/§_ CsOAc (;0 equiv) ,\4\2/%7 of electron-deficient pyrroles. 2-Cyanopyrrole was arylated
L\ /LN H > L ,kN Ar selectively at the 5-position in moderate yield (entries 8 and
Y DMA 1o0% 24h T 9). In contrast, the arylation of 3-acetylpyrrole afforded a
. . mixture of products with modest preference for the 5-position
entry ArX 1a product yield (Table 1, entry 10).
(mol %) (%) Heteroarenes bearing a basic nitrogen were also arylated
Pl 015 m 91 with good efficiency (Table 2). The arylation of SEM-
1 Ph
PhBr 50 N 58
Me |
2 PhI 15 mph 7 Table 2. Arylation of Heteroarenes Bearing Basic Nitrogens
PhBr 5.0 N 47 R
SEM FG . 1a FG R?
NC \/ 4 N\ CsOAc (2.0 equiv) =~
AN L | H - \ Z7N
3 Phl 15 Ph 82 NP, X > L\ 1 )—Ar
N Y R DMA, 125°C, 24 h YoN
SEM ’ ' R
O,N
4 Phl 2.0 mph 68 entry ArX 1a product yield
N (mol%) (%)
SEM
©\/\\?/2-tolyl | NN e
e
5 2-1-Tol 35 N 52°¢ 1 Phl 1.5 N N\ 81
SEM SEM
Ph
Me 2 PhI 5.0 = 57
Ny N-SEM
6 Phl 5.0 ©\/\g—Ph 67° ~ ph
N = 24
COMe 3 Phl 5.0 NYN\SEM .
N\ Ph
7 Phl 50 Ph 2
N a All reactions were performed at :-2.0 M concentration of substrate.
SEM Average of two isolated yield$.3—5% of 2-phenyl side products was also
ﬂ\ isolated.c With AgCO; as base.
8 Phl 5.0 Ph™™“ ~CN 59
SEM
7\ imidazole afforded the 5-phenyl product in moderate yield
? 3-I-pyr 30 | N7 TON 9 along with 3—5% of C-2, and C2/5 phenylated byproducts,
N©  SEM a significant improvement over the previously reported 2.3:1
bh COMe ratio for 1-methylimidazolé2 Cesium acetate performed
10 PhI 50 E’ \ s poorly in the arylation of 2-phenyl-1-SEM-imidazole; silver
' N carbonate was a superior base in this instance (Table 2, entry
SEM 3)
a All reactions were performed at 2.0 M concentration of substrate. Next, we tested compleXla against imidazo[l,2-a]-

Average of two isolated yield$.Phl afforded a better C2/C3 ratio of the i i ; i ; _
product than PhBr (1620:1 versus 34:1); small amounts of bisarylation py“dmes' As shown in Table 3, both bromo- and iodo-arene

products are also forme#3.5:1 ratio in favor of the 2-regioisomer. ~donors can be used in this transformation, and electron-
d Product characterized after deprotection (see the Supporting Information). draining substituents were tolerated.

©Mixture of isomers: 5-phenyl, 2,5-diphenyl, 2-phenyl in 4:2:1 ratio (see Th It ted ab tline th licabilit d
the Supporting Information). € results presented above outliine the applicablity an

limits of catalystla. It was of interest to compare the
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Table 3. Direct Arylation of Imidazo[1,2a]pyridine$ Table 4. Direct Comparison of Azoles Arylation Conditichs
1a (2.5 mol %)
Z =N CsOAc {2.0 equiv) Z =N
N ArX (1.2 equiv) N
DMA, 125 °C, 24 h Ar
cntry ArX product yicld

(%)

1 Phl AN 93
o
P

2 PhI g \/8—0025 08

Ph

N
=
5 5 com Cr/ CO,E
r@ Ve N 51

Ph-4-(CO,Me)

a All reactions were performed at 0.5 M concentration of substrate: (A)
1a (5.0 mol %), CsOAc; (BlLd (5.0 mol %), CsOAc; (C)La (2.5 mol %),
2 All reactions were performed at 1.0 M concentration of substrate. Aggcos' (D) ol)d (2.5 mol(%)% A@CO& Er:)t)ry 1: avergg)(le o(f two isolged
Average of two isolated yields. yields. Entry 2: ITH NMR yield with t-BuOH as internal standard.

performance of this system withd against some difficult

arylation substrates (Table 4). With the indole substrate, theing the subtle interplay between the steric and electronic

catalysts were comparable (Table 4, entry 1). In contrast, in properties of the ligand.

the context of 1-SEM-2-phenylimidazole, compléa out- ) ]
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provides a direct access to a wide range of SEM-protected

azoles. Simple deprotection of these products lead to free

(NH)-azoles, many of which cannot currently be accessed

via direct arylation. Future investigations will focus on

shedding light on the mechanism of these processes, includ-OL053021C

Supporting Information Available: Experimental pro-
cedures and spectral data for all products. This material is
available free of charge via the Internet at http://pubs.acs.org.
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