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Palladium catalyzed C-H activation of methoxy groups as the key step in a cross-coupling reaction 
of o-iodomethoxybenzenes with bromo olefins is described. By this method, substituted benzofurans 
are synthesized in moderate to good yields. 

Introduction 

Metallation reactions are very often the method of choice 
for the activation of relatively unreactive carbon-hydrogen 
bonds. Especially interesting for this purpose is the 
application of transition metals as catalysts. The acti- 
vation of olefinic? acetylenic: and even intramolecular 
aromatic4 C-H bonds is a key step of palladium-catalyzed 
coupling reactions with vinyl and aryl halides. These well 
established reactions have been proven to be extremely 
useful for forming C-C bonds by dehydrohalogenation. 
Little information is available on the catalytic C-H 
activation at  saturated alkyl and heteroalkyl groups, 
although such reactions could open up new and exciting 
synthetic pathways. Recently, we reported the first 
palladium catalyzed C-H activation a t  a methoxy group: 
2-iodoanisole (1) reacts in a 3-fold homo-coupling process 
to give a 90% yield of the substituted dibenzopyran 5.6 
This paper presents studies on scope and limitations of 
cross-coupling reactions based on palladium catalyzed C-H 
activation at  methoxy groups. 

Results and Discussion 

As a result of our studies on palladium-catalyzed homo- 
coupling reactions of o-methoxyiodobenzenes under C-H 
activation we proposed heterocyclic Pdl* complexes like 
8 (Scheme 11) as key  intermediate^.^ On the basis of this 
mechanistic consideration, suitable reaction partners for 
cross-coupling reactions should not enter the catalytic 
reaction cycle until the stage of these intermediates. 
Various reagents that have been tested as potential reaction 
partners failed to fulfill this requirement: Ordinary olefins 
like styrene and fumaric and maleic acid esters inhibit the 
C-H activation of the methoxy group by reacting with 
arylpalladium iodides at  a preceding stage giving rise to 
normal Heck products.2 Aryl iodides like l-iodonaph- 
thalene and 4-iodotoluene already react relatively fast with 
the active PdO catalyst forming Ullmann homo-coupling 
products.' On the other hand l-bromonaphthalene and 
4-bromotoluene seem to react too sluggishly with the cyclic 
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intermediate 8. Even when 10 equiv of these aryl bromides 
are added to the reaction mixture the 3-fold homo-coupling 
process forming 6 is still the main reaction pathway. 

Much more promising results were achieved by adding 
a 10-fold excess of bromo olefin 2 as the cross-coupling 
partner (Scheme I). Although formation of the diben- 
zopyran system 5 was not completely suppressed, the 
4-substituted benzo[blfurans 3,4,6,  and 7 were isolated 
as cross-coupling products in 65 5% overall yield. A possible 
mechanism for the formation of the unusual benzofuran 
3 with an exocyclic double bond includes oxidative addition 
of bromo olefin 2 to palladacycle 8 as a key step giving rise 
to a Pd(IW intermediate 9a in analogy to the proposed 

(6) Canty, A. J. Acc. Chem. Res. 1992,25, 83. 
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mechanism of the homo-coupling process5 (Scheme 11, path 
a; additional ligands on palladium have been omitted for 
clarity). Reductive elimination forming 10 and subsequent 
ring closure led to the condensation product 3. Path b via 
seven-membered palladacycle 9b formed by an olefin 
insertion reaction might be an alternative. Double bond 
isomerization to the aromatic product 4 should occur by 
readdition of hydridopalladium bromide when it is still 
coordinated to the double bond because 3 itself is stable 
under the reaction conditions. In an alternative approach 
to 3-substituted benzofurans, Larock and Stinn7 described 
cyclizations of iodoaryl allyl ethers under similar reaction 
conditions; no products with exocyclic double bonds were 
reported. To prevent double bond isomerization during 
palladium catalysis the addition of silver salts has been 
recommended;* unfortunately in our case the coupling 
process is terminated by silver acetate and silver carbon- 
ate.9 

The formation of the 1:2 product 6 and the 2:l product 
7 probably proceeds via cyclometalation of Pd(I1) inter- 
mediates like 10 to the second ortho position. A blocking 
group in this position should successfully prevent forma- 
tion of 1:2 and 2:l products. Thus, with 1-iodo-2,3- 
dimethoxybenzene (12) as the aryl component a prepar- 
atively useful 82 5% overall yield of the 1:l cross-coupling 
products 13 and 14 is obtained (Table I). 

With bromostyrene (15), the 3-benzylbenzofuran 16 is 
isolated as the main product. In this case a large excess 
of bromo olefin clearly inhibits the reaction of the aryl 
iodide with the palladium catalyst. Probably the catalyst 
is consumed by homo-coupling processes of the bromo 
olefin (the subject of current investigation). The diphenyl- 
substituted bromo olefin 17 leads to benzofuran 18 with 
the especially stabilized exocyclic double bond.10 In 

(7) Larock, R. C.; Stinn, D. E. Tetrahedron Lett. 1988,29,4687. 
(8) (a) Karabelas, K.; Westerlund, C.; Hallberg, A. J.  Org. Chem. 1988, 

50,3896. (b) Abelman, M. M.; Oh, T.; Overman, L. E.J. Org. Chem. 1987, 
52,4130. 

(9) Under the reaction conditions the silver salts are efficiently reduced 
to elemental silver grains. 

(10) The lesa-substituted 2,3-dihydro-4-methoxy-3-methylenebenzo- 
[clfuran has been reported to be unstable: Shankaran, K.; Sloan, C. P.; 
Snieckua, V. Tetrahedron. Lett. 1985,26, 6001. 
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Table 1. Palladium-Catalyzed Cross-Coupling Reactions 
of o-Iodomethoxyarenes with Bromo Alkenes and 

Eno Triflates 
products (yieldla 

entry iodoarene akene (equiv) 

OCH, 

12 
12 

12 
12 
12 

12 

12 

12 

2 (5 equiv) 
2 (10 equiv) 

5 
0, 

15 (5 equiv) 
15 (5 equiv) 
15 (10 equiv) 

17 (5 equiv) 

OCH, 

13 (32%) 
13 (27%) 

p 
OCH, 

18 (42%) 

@ 
OCHJ 

ocn, 

14 (29%) 

OCH, 

16 (35%) 
16 (56%Ib 
16 (19%) 

@ 
OCH, 

19(X=Br, 20 (l:3;26%) 21 * 

5 equiv) 

CFS, 5 equiv) 
19(X=OSO2- 20 (1:4;18%) 21 

@j \ \ 

22 2 (10 equiv) 23 (32%) 24 (25%) 

a Isolated yields are given; conditions: 10 mol % Pd(OAc),, KaCOs, 
n-BmNBr, DMF, Nz, 3 d, 100 "C; isolated yields are given. * Six days 
overall reaction time with additional 10 mol % Pd(OAc)2 added after 
three days. 

contrast, naphthalenofuran 23 is extremely sensitive under 
slightly acidic conditions. In chloroform solution 23 is 
rapidly transformed to its aromatic isomer 24 in quan- 
titative yield. 

The spirocyclic benzofurans 20 and 21 are formed by 
the cross-coupling reaction with bromocyclohexene ( 19),11 
The corresponding enol triflate gave similar results (entry 
8). 

The present study establishes the palladium-catalyzed 
C-H activation at  methoxy groups as an initial step for 
cross-coupling reactions. With o-iodomethoxybenzenes 
and bromo olefins as coupling components, a new pathway 
for the synthesis of substituted benzofurans has been 
introduced. 

Experimental Section 

Melting point determinations are uncorrected. 1H NMR 
spectra were recorded at 400.1 MHz using CDCla as solvent and 
TMS as internal standard (except for 23). NMR spectra 
were recorded at 100.6 MHz, using CDCla as solvent and as 

(11) Formation of spirocyclice by palladium catalysis: (a) Ashimori, 
A.; Overman, L. E. J. O g .  Chem. 1992,57,4571. (b) Grigg, R.; Sridharan, 
V.; Stevenson, P.; Sukirthalingam, S. Tetrahedron 1989,45,3557. 
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internal standard (6 = 77.05 ppm). High- and low-resolution 
mass spectra were recorded at an ionizing voltage of 70 eV by 
electron impact. Unless otherwise stated, chemicals were pur- 
chased from commercial suppliers and used without further 
purification. 1-Bromo-2-diphenylethene (17),12 l-bromocyclo- 
hexene (19, X = Br),l3 and the enol triflate 19 (X = OS02CF,)14 
were prepared by literature methods. l-Iodo-2,3-dimethoxy- 
benzene (12) and 2-iodo-1-methoxynaphthalene (22) were syn- 
thesized by iodolysis of the mrrespondmg aryllithium compounds 
in analogy to published methods.16 

Palladium-Catalyzed Cross-Coupling Reactions of +Io- 
domethoxyarenes with Bromoalkenes (General Procedure). 
The procedure for the preparation of 2,3-dihydro-3-(l-methyl- 
ethylidene)-7-methoxybenzo[bl furan (13) and 342-methylethyl)- 
7-methoxybenzo[b]furan (14) is representative: A mixture of 
l-iodo-2,3-dimethoxybenzene (12) (264mg, 1.00mmol), l-bromo- 
2-methyl-1-propene (2) (1.35 g, 10.0 mmol), KzCOS (1.1 g, 8.0 
mmol), n-BuNBr (645 mg, 2.00 mmol), Pd(OAc)z (22 mg, 0.10 
mmol), and DMF (10 mL) in a sealed tube (for convenience) is 
stirred under Nz at 100 OC for 3 d. After diluting with water (50 
mL) the reaction mixture is extracted three times with ether (50 
mL). The ether extract is fiitered throughsilicaand concentrated. 
The crude product was purified by flash chromatography 
(hexanes, silica gel) affording substituted benzofurans 14 (105 
mg, 55%; less polar) and 13 (51 mg, 27%; for selected data see 
below and supplementary material). 

All reactions were carried out on a 1-mmol scale in analogy to 
the foregoing procedure. The relative amounts of the reactants, 
the reaction time, and the isolated yields are given in the above 
schemes and tables. All new compounds were fully characterized 
by spectroscopic means (IR, MS, NMR, UV). Selected data of 
the isolated products: 

2,3-Dihydro-3-( 1-methylethylidene)bnzo[ blfuran (3): col- 
orless solid; mp 39-40 "C (pentane); lH NMR 6 1.76 (8, br, 3 H), 
2.06(s,br,3H),5.06(m,2H),6.82(d,J=8.0H~,lH),6.88(m~,~~ 
1 H), 7.11 (mt, 1 H), 7.48 (d, J = 7.6 Hz, 1 H); l3C NMR 6 20.9 
(q), 23.3 (q), 74.7 (t), 109.9 (d), 120.4 (d), 123.5 (s), 123.7 (d), 126.7 
(81, 128.1 (d), 128.9 (s), 164.0 (8 ) .  

34 1-Met hylethyl)benzo[ blfuran (4): colorless oik7 lH NMR 
6 1.36 (d, J = 6.9 Hz, 6 H), 3.10 (sept d, J = 6.9, 0.8 Hz, 1 HI, 
7.22 (mt, 1 H), 7.27 (mt, 1 H), 7.37 (d, J = 0.8 Hz, 1 H), 7.45 (d, 
J = 7.9 Hz, 1 H), 7.59 (d, J = 7.1 Hz, 1 H); 13C NMR 6 22.5 (q), 
24.7 (d), 111.5 (d), 120.1 (d), 122.1 (d), 124.0 (d), 127.6 (a), 127.7 
(s), 139.7 (d), 155.7 (SI. 

3 4  l-Methylethyl)-7-(2-methylpropen- 1-yl)benzo[ blfu- 
ran (6): colorless oil; 1H NMR 6 1.36 (d, J = 6.9 Hz, 6 H), 1.87 
(d, J = 1.4 Hz, 3 H), 1.99 (d, J = 1.3 Hz, 3 H), 3.09 (sept d, J = 
6.9,0.8 Hz, 1 H), 6.52 (8, br, 1 H), 7.15-7.22 (m, 2 H), 7.36 (d, J 
= 0.8 Hz, 1 H), 7.46 (m, 1 H); l3C NMR 6 20.0 (q), 22.5 (q), 24.7 
(d), 26.8 (q), 118.1 (d), 118.6 (d), 121.9 (d), 123.2 (s), 124.2 (d), 
127.4 (s), 127.4 (e), 137.9 (e), 139.4 (d), 153.4 (8 ) ;  HRMS mlt  calcd 
for Cl&O 214.1358, found 214.1357. 

7 4  2-Met hoxyphenyl)-3- ( 1-met hylet hyl)benzo[ b]f uran 
(7): colorless crystals; mp 90-92 OC; lH NMR 6 1.38 (d, J = 6.9 
Hz, 6 H), 3.12 (sept d, J = 6.9, 0.8 Hz, 1 H), 3.80 (8, 3 H), 7.05 
(d, J = 8.3 Hz, 1 H), 7.07 (mt, 1 H), 7.28 (t, J = 7.5 Hz, 1 HI, 7.35 
(d, J = 0.8 Hz, 1 H), 7.36 (m, 1 H), 7.39 (mt, 1 H), 7.46 (m, 1 
H), 7.58 (m, 1 H); lgC NMR: 6 22.5 (q), 24.8 (d), 55.7 (q), 111.4 
(d), 119.3 (d), 120.6 (d), 122.0 (d), 122.9 (a), 125.6 (d), 125.8 (a), 
127.3 (s), 127.8 (s), 129.2 (d), 131.6 (d), 139.7 (d), 153.3 (81,157.0 
(8 ) .  Anal. Calcd for C1&€1802: C, 81.17; H, 6.81. Found: C, 
80.93; H, 6.84. 
2,3-Dihydro-7-methoxy-3-( 1-met hylethylidene)benzo[ b]- 

furan (13): colorless crystals, mp 105-106 OC (hexanes); 1H NMR 
6 1.75 (8, br, 3 H), 2.05 (t, J = 2.3 Hz, 3 H), 3.89 (s,3 H), 5.13 (m, 
2 H), 6.75 (d, J = 8.0 Hz, 1 H), 6.84 (t, J = 7.9 Hz, 1 H), 7.14 (d, 
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J = 7.7 Hz, 1 H); 13C NMR 6 20.7 (q), 23.2 (q), 56.0 (q), 75.4 (t), 
111.1 (d), 116.2 (d), 120.8 (d), 123.3 (s), 127.8 (s), 129.3 (s), 144.9 
(s), 152.6 (8).  Anal. Calcd for C12H1402: C, 75.76; H, 7.42. 
Found C, 75.74; H, 7.46. 

7-Methoxy-3-( 1-methylethyl)benzo[ blfuran (14): colorless 
oil; 1H NMR 6 1.35 (d, J = 6.9 Hz, 6 H), 3.07 (sept d, J = 6.9, 
0.8 Hz, 1 H), 4.00 (8, 3 H), 6.79 (m, 1 H), 7.15 (t, J = 7.8 Hz, 1 
H), 7.19 (Q, 1 H), 7.37 (d, J = 0.8 Hz, 1 H); 13C NMR 6 22.5 (q), 
24.7 (d), 56.1 (q), 106.3 (d), 112.5 (d), 122.8 (d), 127.7 (s), 129.4 
(s), 139.8 (d), 144.9 (s), 145.7 (8 ) ;  HRMS mlz calcd for ClzHl4Oz 
190.0994, found 190.0993. 
3-Benzyl-7-methoxybenzo[b]furan (16): colorless oil; 'H 

NMR 6 4.00 (a, 3 H), 4.01 (8, br, 2 H), 6.79 (d, br, J = 7.8 Hz, 1 
H), 7.00 (dd, J = 7.8, 0.8 Hz, 1 H), 7.10 (t, J = 7.8 Hz, 1 H), 
7.19-7.32 (m, 5 H), 7.38 (8,  br, 1 H); 13C NMR 6 30.1 (t), 56.1 (q), 
106.5 (d), 112.3 (d), 120.1 (e), 123.2 (d), 126.4 (d), 128.5 (d), 128.7 
(d), 129.8 (s), 139.2 (s), 142.3 (d), 144.9 (e), 145.5 (8).  Anal. Calcd 
for CleH1402: C, 80.65; H, 5.92. Found: C, 80.40; H, 5.90. 

2,3-Dihydro-3-( diphenylmet hylene)-?-met hoxybenzo[ b]- 
furan (18): colorless crystals, mp 127 "C (pentane); lH NMR 
6 3.87 (8, 3 H), 5.35 (8,  2 H), 5.95 (dd, J = 7.9,0.9 Hz, 1 H), 6.53 
(t, J = 7.9 Hz, 1 H), 6.71 (dd, J = 7.9,O.g Hz, 1 HI, 7.18-7.43 (m, 
10 H); 13C NMR 6 56.0 (q), 76.2 (t), 112.2 (d), 116.8 (d), 120.6 (d), 
127.0 (s), 127.3 (d), 127.6 (d), 128.1 (d), 128.6 (d), 128.9 (d), 129.6 
(d), 132.8 (s), 134.3 (s), 141.2 (s), 142.0 (s), 145.1 (81, 153.1 (8 ) .  
Anal. Calcd for Cz2Hl80z: C, 84.05 H, 5.77. Found: C, 84.26; 
H, 5.71. 
7-Methoxyspiro[benzofuran-3(28),1'-[2]cyclohexene] (20) 

and 7-Methoxyspiro[benzofuran-3(2~,1'-[3]cyclohexene] 
(21). By flash chromatography (hexanes, silicagel) a pure sample 
of the slightly less-polar 21 was obtained. The 1H NMR data of 
20 was determined by analyzing the NMR spectrum of a 1:3 
mixture of 20 and 21. 

20: 1H NMR 6 1.55-2.40 (m, 6 H), 3.88 (s,3 H), 4.28 (d, J = 
8.8 Hz, 1 H), 4.41 (d, J 8.8 Hz, 1 H), 5.61 (q, J = 9.9 Hz, 1 
H), 5.92 (dt, J = 9.9, 3.8 Hz, 1 H), 6.70-6.86 (m, 3 H). 

21: colorless oil; 1H NMR 6 1.70-1.80 (m, 1 H), 1.90-1.98 (m, 
1 H), 2.10-2.34 (m, 4 H), 3.88 (8 ,  3 H), 4.32 (d, J = 8.7 Hz, 1 H), 
4.36 (d, J = 8.7 Hz, 1 H), 5.70-5.82 (m, 2 H), 6.70-6.86 (m, 3 H); 
13C NMR 6 22.8 (t), 31.7 (t), 36.1 (t), 44.7 (81, 56.0 (q), 82.9 (t), 
111.3 (d), 115.5 (d), 121.2 (d), 125.4 (d), 127.3 (d), 136.6 (s), 144.6 
(s), 147.7 (e); HRMS m/z  calcd for ClrHlsOz 216.1150, found 
216.1150. 

2,3-Dihydro-3-( 1-methylethylidene)naphtho[ 1,2-b]- 
furan (23): colorless crystals; mp 95 OC (pentane); 1H NMR 
(acetone-de, TMS) 6 1.79 (m, 3 H), 2.11 (m, 3 H), 5.29 (m, 2 H), 
7.43 (d, J = 8.6 Hz, 1 H), 7.44-7.47 (m, 2 HI, 7.73 (d, J = 8.6 Hz, 
1 H), 7.85 (m, 1 H), 7.96 (m, 1 H); 13C NMR (acetone-de, TMS) 
6 20.8 (q), 23.2 (q), 76.2 (t), 121.1 (d), 121.5 (s), 121.7 (s), 121.8 
(s), 122.1 (d), 122.5 (d), 126.3 (d), 127.2 (d), 128.7 (d), 130.7 (s), 
134.7 (s), 160.9 (a). Anal. Calcd for ClsHI,O: C, 85.68; H, 6.71. 
Found: C, 85.27; H, 6.69. 
3-(l-Methylethyl)naphtho[ If-blfuran (24): colorless oil; 

1H NMR 6 1.41 (d, J = 6.9 Hz, 6 H), 3.07 (sept d, J = 6.9,l.l Hz, 
1 H), 7.48 (mt, 1 H), 7.52 (d, J = 1.1 Hz, 1 H), 7.57 (mt, 1 HI, 7.64 
(d, br, J = 8.5 Hz, 1 H), 7.68 (d, J = 8.5 Hz, 1 H), 7.92 (d, J = 
8.3 Hz, 1 H), 8.29 (d, J =  8.5 Hz, 1 H); 13C NMR 6 22.7 (q), 24.8 
(d), 118.8 (d), 120.1 (d), 121.7 (s), 122.8 (d), 123.0 (s), 125.0 (d), 
126.2 (d), 128.3 (d), 128.6 (s), 131.3 (e), 139.0 (d), 151.2 (8).  Anal. 
Calcd for CraH14O: C, 85.68; H, 6.71. Found C, 85.72; H, 7.01. 

(12) Lipp, P. Ber. Dtsch. Chem. Ges. 1923,56, 667. 
(13) Napolitano, E.; Fiaechi, R.; Maetrorilli, E. Synthesis 1986, 122. 
(14) Stang, P. J.; Treptow, W. Synthesis 1980, 283. 
(16) Brandama, L.; Verkruijaee, H. D. Reparative Polar Organome- 

(16) T h e  abbreviation 'mt" is defined ae a multiplet with a triplet 
tallic Chemistry; Springer-Verlag: New York, 1987; Vol. 1. 

macrostructure. 
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