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Palladium-catalyzed C —H activation: cheap aryl chlorides can now be used for the arylation of a wide variety of electron-rich heterocycles.
The key to the success of this reaction is the use of a bulky, electron-rich phosphine ligand. No copper additives are needed.

ArCl, Pd(OAc),

NMP, K3PO,4
BUAd,P

The formation of carboncarbon bonds is perhaps one of groups have extended this methodology to the arylation of
the most important reactions in organic chemistry. Currently, a number of heterocycles by using palladium or rhodium
the most developed methods for forming sarbonr-carbon catalysist However, this methodology still suffers from some
bonds involve transition-metal-catalyzed cross-coupling deficiencies. First, for some heterocycles to be successfully
reactions between ArM (M = SnR;, B(OR),, MgX) and arylated, stoichiometric amounts of copper salt additives are
Ar—X (X = halogen, sulfonate) Quite often, these func- necessar§" Second, most methods allow the arylation of
tionalized starting materials are either expensive or have toonly a few types of heterocycles thus limiting the scope of
be prepared in several steps. Regioselective conversion othe methodology. Third, in most cases, either aryl bromide
C—H to C-C bonds would result in shortening of synthetic or aryl iodide reagents are used. Cheaper and generally more
schemes by allowing the use of readily available starting available aryl chlorides have been used only ratebnd
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their use often is limited to activated substrates, for example, || |  IGcGTGNGEGEGEGEGEEEEEEEEEEEEEEEEE

chloropyrazineg.We report here a general method for the Table 2. Heterocycle Arylation by Aryl Chlorides
intermolecular arylation of electron-rich, five-membered Cl 5 mol % Pd(OAG),

heterocycles by aryl chlorides. | o 10 mol % BuAd,P
) . . Heterocycle + / — %  Product
The screening reactions were performed with respect to FG/ K3POg4, NMP

the solvent, base, and palladium source (see Supporting 125°C
Information for the details). The oxidative addition of ArCl  entry heterocycle FG product yield
to Pd(0) usually requires a bulky, electron-rich phosphine, a NHAG
secondary phosphine oxide, or an N-heterocyclic carbene ¢ Thiophens NS'A @\@ 54%
(NHC).5 Optimization revealed that neither phospine oxide ¢ ou

e

nor NHC ligands are effective. Electron-rich, bulky butyldi-

Benzothioph N= 72%
1-adamantylphosphifi@andtert-butyldicyclohexylphosphine eneoiiophene ° @E}‘O
afforded the best results, and the former was chosen because

of cost considerations (Table 1). Among the bases screened,
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Table 1. Ligand Optimizatiof

N

Benzothiophene H Ph 63%

5mol % Pd, ligand "I Ph ;"
N —/ \, + Phl o Fd, lig = , r\?:\N 5° Benzofuran H N _pn 68%
MY s equiv DMF, Cs2C0s gy -N N nBu~ Y N ° N=
1 Ph 2 6 Benzoxazole f @o\w 67%
CO,Et
entry ligand, 10 mol % % of 1 % of 2 3- N 2
7 Benzoxazole CO.Et N 84%
1 nBuAdP 40 12 : g
2 tBugbP-P? 20 6 OMe
3 tBuCy.P 45 16 8 Benzoxazole  3-OMe @[N\%@ 58%
4 IPr-HCI¢ (5 mol %) + K‘BuO (10 mol %) 12 4 o]
5

N
Ad;POH 10 3 9 Benzothiazole ~ 4-CF, @ \>—©70F3 82%
S

a Conditions: 5 mol % of Pd(OAg) 2 equiv of CsCOs, MS 3 A, dry N
DMF, stir for 15 min at rt and then for 16 h at 12%&. b 2-(Di-tert- ) N o
butylphosphino)bipheny?. 1,3-Bis-(2,6-diiso-propylphenyl)-4,5-dinydroim- 10 Benzothiazole H ©:S>_ Ph 84%
idazolium chloride.

N
. B | S—iBu
11 2 tﬁgﬁ’g};’ ! 3-F F s>— 83%
use of CsOAc, CsF, 0, K.COs, and CsCO; resulted in N
reasonable conversions to the prgduct. Potassium phosphate 12 Pivaloj:amino_ SCF, i | S‘>—N>H:O 70%
afforded somewhat better selectivity for monoarylation, is thiazole B
cheaper than the cesium salts, and was used in all subsequent N
reactions. Evaluation of palladium sources revealed that s - H )I‘) 599
. . . . . Butylimidazole pn” N
palladium acetate is superior to all other choices. Optimiza- Bu
tion with respect to solvent showed that the reaction proceeds MeO A
best in NMP. The optimized conditions thus include NMP ~ ,,  1-Methyl-1,2,4- 3,5 e 76%
solvent, KPQ, base, butyldi-1-adamantylphosphine ligand, triazole (MeO), Me
and Pd(OAc) catalyst. MeO
A variety of electron-rich heterocycles can be arylated _ OYKI N .
using this methodology (Table 2). Thiophene and ben- '° Caffeine 4-CH, e [T 86%
zothiophene are reactive (entriesd). Both 1,2- and 1,3- g Me
oxazole derivatives can be arylated (entries 4 an®)6 o “rﬁe NMeO
Benzofuran is diarylated in a reasonable yield (entry 5). 16 Caffeine 2-OMe Tﬂ 3 71%
Thiazole and benzothiazole arylation is also successful Me” I Mo

(entries 9—12). In 2-substituted thiazoles, the aryl group is Ve Ve
introduced next to sulfur (entries 11 and 12)-Butylimi- . 3,5- O\\(N N o
dazole is arylated in the 5-position, with some diarylation 7 Caffeine Me, Me’N\H\IN %
product also formed (entry 13). 1-Methyl-1,2,4-triazole is $  Me Me

selectively arylated in the 5-position (entry 14). Caffeine is _ ?Substrate (1 equiv), ArCl (1.5 equiv) sRQs (2 equiv), Pd(OAg) (5 mol

. . %), 10 mol % ofnBuAd,P, 24 h at 125C. Yields are isolated yields. See
very reactive, and some of the products are of interest asthe Supporting Information for detailsThiophene (3 equiv), chloroarene (1
equiv).¢ 2-Chloro-6-methoxypyridine! 1-Chloronaphthalené.Benzofuran
(1 equiv), chloroarene (3 equiv).2-Chloropyridine.9 2,5-Diphenylated
(5) Littke, A. F.; Fu, G. CAngew. Chem., Int. E®002,41, 4177. derivative also isolated in 13% yield.
(6) Ehrentraut, A.; Zapf, A.; Beller, MSynlett2000, 1589.
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s Additionally, the regiochemistry of t-butylimidazole ary-

Scheme 1. Mechanistic Considerations lation is consistent with that observed in electrophilic
N PhCI, Pd(OAC), N subst?tut?onl.0 As a consequence, we fayor the eIectrophi_Iic
@ D—H(D) NMP. KaPD @ S—Ph substitution mechanism proposed by Miura for the arylation
S BdAdZP ’ 5 S of thiazoles and imidazol€§;an analogous mechanism was
Kyp=1.3 proposed by Gevorgya.n for the arylation pf indol?ziﬁ@s.
— The observed counterion effect is also interesting. The
©:N\ 10 equiv PhX, Pd(OAc), X %3 reactions are the fastest for triflates. Somewhat slower
3 . S : .
& NMP, kPO, BUAdP gi %Z reactions are observed for chlorld_es, _bromlde_s_ and iodides
125°C,1h i 13 react the slowest. Because the oxidative additions to Pd(0)
otf 39 are normally the fastest for iodides, it is clear that the
N PhPAX N PdAr e} oxidati\_/e_ addition of_ _the eCl bond_is not the rate-
> — @XH B 3 determining step. Additionally, the leaving group is unlikely
S S -

to act as a base in proton removal because compounds
containing the weakest base, triflate, react the fastest. It has
to be stated that the arylation of such different heterocycles

. . . 3 _
adgno;me receptor ant_agomsts (entries 15 ].W)C H does not necessarily proceed by exactly the same mechanism.
activation methodology is not used, the synthetic sequences

leadin . . ?ertain Rh-catalyzed heterocycle arylations proceed via Rh
g to these compounds require several steps instead o ) .
a single steg.Amide substitution is tolerated on both aryl carbene |nte-rmed|até§. .
chloride and the heterocycle (entries 1 and 12), and thelN In conclusion, we have developed a new, efficient, and
bond is not arylated Chlorobenzoic acid esters can also be 9eneral electron-rich intermolecular heterocycle arylation
used (entry 7). 2-Chloropyridines are reactive (entries 2 and Process based on-€H activation. This is the first general
6), and the products of these arylations may find use as method for heterocycle arylation with aryl chlorides. Elec-
chelating ligands. Both electron-rich and electron-poor aryl trophilic substitution is the most |ikE|y mechanism for this
chlorides can be used; however, as expected, electron-poofeaction.
chlorides are more reactive. Some steric hindrance is tolerated
on the heterocycle (entry 4) and aryl chloride (entry 16). Acknowledgment. We thank the Welch Foundation
Arylation of N-methylindole under the standard conditions (Grant No. E-1571) for supporting this research.
resulted in low conversion (ca. 20%).
We have performed some preliminary mechanistic inves-  Supporting Information Available: Detailed experi-
tigations of the arylation. The qualitative arylation mecha- mental procedures and characterization data for new com-

nism is presented in Scheme 1. The deuterium isotope effectyounds. This material is available free of charge via the
for the arylation of benzothiazole was found to be 1.3 |nternet at http://pubs.acs.org.

(Scheme 1). Isotope effect values of this magnitude are often

observed for aromatic electrophilic substitution reactibns. 010702324
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