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ABSTRACT

Aryl-X

Me pe .
ms{ NaOt-Bu (2.0 equiv) mAW|
N OHPds(dba);®CHCI; (cat.) N
Boc Cul (1.0 equiv) Boc
1.2 equiv toluene, rt - 60 °C 70-84% yield

A mild and general cross-coupling reaction of 2-indolylsilanols has been developed. The experimental variables that lead to successful coupling

are (1) the use of sodium tert-butoxide as the activator, (2) the use of copper(l) iodide in stoichiometric quantities, and (3) the use of Pd 2>
(dba)3-CHCl; as the catalyst. Under these conditions  N-(Boc)-2-indolyldimethylsilanol reacts with a variety of aromatic iodides to afford the
coupling products in good yield (70  —84%).

The palladium-catalyzed cross-coupling of silicon com- reactions of alkenyl- and arylsilanols with good scope and
pounds is gaining acceptance as a practical alternative to reactivity3# Although successful cross-coupling reactions
the more commonly known cross-coupling reactions of tin- have been developed for simple arylsilanols, little work has
or boron-based reagerit@rganosilicon functions are easily been done to explore the use of heterocyclic silanols as
introduced, nontoxic, and synthetically useful nucleophiles coupling partners.

for cross-coupling reactions with alkenyl and aryl halides. Indoles are among the most common heterocycles in
These reagents eliminate the toxicity associated with stan-nature, and the biological activity of indoles has been an
nanes as well as avoid the problems of the handling andactive area of medicinal reseaftAmong the many synthetic
sensitivity of organoboron compounds. strategies used to prepare 2-substituted indolemss-

A significant advance in the organosilicon cross-coupling coupling reactions allow for their direct construction based
process is the development of nonfluoride activators that areon a preexisting indole nucleus. However, mild and general
compatible with silicon-based protecting grodpRecent methods for the cross-coupling of 2-indolyl nucleophiles are
reports from these laboratories described the use of mild lacking®® Particularly challenging are coupling reactions of
bases such as KOTMS or £X0; for the cross-coupling  indoles that are protected as thbitbutoxycarbonyl (Boc)

(1) Recent reviews (a) Denmark, S. E.. Sweis, RAEc. Chem. Res derlvat|ve_s, which decreases the nL_JcIeophlln_:lty at C(2), thus
2002 35, 835-845. (b) Denmark, S. E.; Sweis, R. Ehem Pharm. Bull decelerating the key transmetalation step in the coupling.
gggé g% 175523—51541- (c) Denmark, S. E.; Ober, M. Kldrichimica Acta Typical procedures employ harsh conditions (Stille coufing

’ ' or afford the desired products in low yields (Suzuki

(2) (@) Hiyama, T., InMetal Catalyzed Cross-Coupling Reactipns
Diederich, F., Stang, P. J., Eds.; Wiley-VCH: Weinhein, 1998; Chapter

10. (b) Mowery, M. E.; DeShong,.B. Org. Chem1999 64, 1684-1688. (4) Denmark, S. E.; Ober, M. HOrg. Lett.2003 5, 1357-1360.
(c) Lee, J.; Fu, G. CJ. Am. Chem. So2003 125 5616-5617. (d) Trost, (5) Ito, H.; Sensui, H.; Arimoto, K.; Miura, K.; Hosomi, Ahem. Lett.
B. M.; Machacek, M. R.; Ball, Z. TOrg. Lett 2003 5, 1895-1898. (e) 1997, 639-640.
Denmark, S. E.; Sweis, R. F.; Wehrli, D. Am. Chem. SoQ004 126, (6) Ramirez, A.; Garcia-Rubio, SGurr. Med. Chem2003 10, 1891~
4865-4875. 1915.

(3) (a) Denmark, S. E.; Sweis, R. F.Am. Chem. So2001, 123 6439~ (7) Reviews: (a) Gribble, G. WJ. Chem. Soc., Perkin Trans.2D0Q

6440. (b) Hiyama and co-workers have demonstrated cross-coupling 1045-1075. (b) Gribble, G. WPure Appl. Chem2003 75, 1417-1432.
reactions of silanes activated by silver salts; Hirabayashi, K.; Kawashima,  (8) Tyrell, E.; Brookes, PSynthesi2003 469-483.
J.; Nishihara, Y.; Mori, A.; Hiyama, TOrg. Lett 1999 1, 299-301. (9) Labadie, S. S.; Teng, B. Org. Chem1994 59, 4250-4253.
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coupling19. We report herein mild and high-yielding cross- || | N NG
coupling reactions of indolyl-2-silanols with aryl iodides and 1 p1e 1. Activator Optimization in the Cross-Coupling af
bromides that proceed with bolBoc andN-methylindole with 2a

precursors.
For initial studies on the cross-coupling;Boc(2-indolyl)- Wé Me | MNO
dil_“r)ethylsilanol 0 was ;elected, because of the general activator ( 20equ|v) 2
utility of the Boc protecting groupt'? In contrast to the APC (5 mol %) Boc
corresponding\-Boc(2-indolyl)boronic acid or -stannart, 1.2 equiv aaditive, toluene, rt
1 3a

is easily prepared, chromatographically stable, and can be
stored for extended periods-a20 °C. To develop a method entrya activator product,® % after 24 h
for the cross-coupling df, a set of conditions was developed

employing 4-nitroiodobenzene, allylpalladium chloride dimer ; EZH gg
([allylPdCl],), and KH as the activator in toluene at room 3 LiOt-Bu 0
temperaturé® Under these conditions, onlj-Boc-indole, 4 NaOt-Bu 46
the product of protiodesilylation, was observed and none of 5 KOt-Bu 3

the desired cross-coupling product was obtained. 2 Conditions: 1.2 equiv ofl, 2.0 equiv of activator, 1.0 equiv of Cul,

To overcome the problem of low reactivity and the 005 equiv of APC, 0.5 M in2a in toluene at room temperature.
formation of undesired side-products, we next examined the "’ Determined by HPLC analysis with an internal standard.
effect of copper salts that have a beneficial effect on the
rate of cross-coupling of stannaftand silane®® and may
also inhibit protiodesilylatiof.The tetrameric copper trim-
ethylsilanolaté® afforded a small amount of the desire
product, whereas among other copper sources (£ @0Br,
CuCN) only copper(l) iodide showed any salutary effect
(30% conversion after 24 h) and thus was chosen for
subsequent optimization studies.

To find an optimal activator for this reaction, several
inorganic bases were surveyed in combination with copper-
() iodide (Table 1). Although KH and NaH effected the
cross-coupling reaction (entries 1 and 2), they are too harsh
and would preclude the use of substrates bearing sensitive
functional groups. However, a dramatic cation dependence
was observed for thiert-butoxide bases where N&Bu was
found to be optimal (entries-35). This behavior may result
from the greater solubility of the sodium silanolate. _

Table 2. Catalyst Optimization of the Cross-Coupling bf

(10) (a) N-Boc(2-indolyl)boronic acid reacts poorly with iodobenzene with 2a
under typical Suzuki conditions; see: Johnson, C. N.; Stemp, G.; Anand,

Next, the influence of palladium source was surveyed
d (Table 2). The use of PdgIPdCL(PPh),, and Pd(OAQ)
showed little product formation, (Table 3, entries-3).
Whereas PdBr and (CHCN),PdCL were more active
catalysts compared to [allylPdGl]they were still inferior
to the chloroform solvate of Btiba} (entry 7). Although
this reaction reached completion within 12 h at room
temperature?ais a very reactive electrophile, and other less
reactive aryl halides might require more forcing conditions.
Simply doubling the concentration from 0.5 to 1.0 Mda
resulted in complete conversion of the iodide to the desired
product n 6 hin 92%yield (HPLC) along with only 3% of
the halide-homocoupling side product.

N.; Stephen, S. C.; Gallagher, Bynlett1998 1025-1027. (b) Ishikura product (%)°
and co-workers have demonstrated the cross-coupling of an in-situ-generated
N-Boc(2-indolyl)boronate with aryl bromides from a 2-lithated indolyl entry Pd source 12h 24h
species and triethylborane; see: Ishikura, M.; Agata, |.; KatagiriJ.N. 1 PdCl, 0 3
Heterocycl. Chem1999 36, 873—-879.
(11) Hasan, I.; Marinelli, E. R.; Lin, L. C.; Fowler, F. W.; Levy, A. B. 2 PdCI(PPhs) 0 15
J. Org. Chem1981, 46, 157—164. 3 Pd(OACc). 0 17
(12) Vazquez, E.; Davies, I. W.; Payack, J.JFOrg. Chem2002 67, 4 [allylPdCI]. 22 46
75?%5)7g?e%iminary experiments with KOTMS as the activator gave > PdBr, > %
protiodesilylation as the major product, so we surmised that using KH as 6 (CH3CN),PdCl; 57 98
an activator would quickly and irreversibly deprotonate the silanol and 7 Pdz(dba)s-CHCls 87 >99

remove the only available proton source as H . . . .

(14) (a) Liebgskind, L. S.F;) Fengl, R. W. g»g Chem199Q 55, 5359 aCOF}dItIOﬂSZ l.2_equ_|v ofl, 2.0 equiv of Na®Bu, 1.0 equ_of Cul,
5364. (b) Farina, V.; Kapadia, S.; Krishnan, B.; Wang, C.; Liebeskind, L. 0.1 equiv Pd,_0.5 Mirgain toluene at room temperatureDetermined by
S.J. Org. Chem1994 59, 5905-5911. (c) Takeda, T.; Kabasawa, Y.; HPLC analysis with an internal standard.

Fujiwara, T.Tetrahedron1995 51, 2515-2524. (d) Han, X.; Stoltz, B.
M.; Corey, E. JJ. Am. Chem. S0d999 121, 7600-7605. (e) Casado, A.
L.; Casada, A. L.; Espinet, ®rganometallic2003 22, 1305-1309. .

(15) (a) Taguchi, H.; Ghoroku, K.; Tadaki, M.; Tsubouchi, A.; Takeda, Because Pgdba}-CHCl; was superior to the other
T. Org. Lett 2001 3, 3811-3814. (b) Taguchi, H.; Miyashita, H..  catalysts surveyed, Rdba) was also examined as a catalyst
Tsubouchi, A.; Takeda, TChem. Commur2002 2218-2219. (c) Hana- n hi . Table 3 2). S isingl .
moto, T.; Kobayashi, T.; Kondo, MBynlett.2001, 281—283. (d) Taguchi, or this reaction ( aple 3, entry 2). Surprising YaZRtb_a_)S
H.; Ghoroku, K.; Tadaki, M.; Tsubouchi, A.; Takeda, J. Org. Chem. CHCl; was more active than Rdba) under these conditions
2002 67, 8450-8456. (e) Denmark, S. E.; Kobayashi, J..Org. Chem. ; ; ;

2003 68, 5153-5159. (f) Denmark, S. E.: Tymonko, S. &. Org. Ghem. (compare entries 1 and 2). To determine if the chloroform
2003 68, 9151-9154.

(16) Schmidbaur, H.; Adlkofer, J.; Shiotani, £hem. Ber1972 105 (17) Solubility in toluene (wt %) at 2%C: NaQ-Bu, 6%; KQt-Bu, 2.3%.

3389-3396. LiOt-Bu is more soluble but less nucleophilic.
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must be present as the solvate of the palladium species fo | N NG
the enhanced reactivity, .E(dba); was employed W'th, 5, mol Table 4. Cross-Coupling ofl. with Substituted Aryl lodides
% chloroform as an additive (entry 3), and the activity was

restored. To probe if the reactivity is simply a result of O O

enhanced solubility of the palladium species, ,CH was A Mgi.Me
also employed as an additive (at 5 and 100 mol % Zejt N oH _NaOtBu (zoeq“"’) Boc

OH

but was inferior to chloroform (entry 4. Boc Pd,(dba);#CHCl; (5 mol %)
1.2 equiv Cul (1.0 equiv) R .

_ 1 toluene, temp

4

Table 3. Effect of Additive and Palladium Source on the ield (9
. . yield (%)
Cross-Coupling ofl. with 2a B —

entry R temp (°C) time (h) product 32 4P
copper iodide  additive  product (%)°
entry catalyst (equiv) (equiv) at6 h L 4-NO; rt 6 sa 84 6
2 4-CF3 rt 22 3b 82 3
1 Pdy(dba);*CHCI3 1.0 92¢ 3 4-CO2C(CH3)3 rt 24 3c 84 trace
2 Pdy(dba)s 1.0 44 4 3-NO> 40 12 3d 72 14
3 Pdy(dba)s 1.0 CHClI; (0.05) 96¢ 5 H 40 12 3e 70 12
4 Pdy(dba)s 1.0 CH.ClI; (0.05) 64 6 2-Me 50 24 3f 73 14
5  Pdy(dba)s 1.0 CH,Cl; (1.00) 45 7 4-OMe 50 24 3g 72 14
6 Pdy(dba)sCHCl; 0.0 48 8 2-OMe 50 24 sh 75 15
7 Pdy(dba)s:CHCls 05 76 9 1-naphthyl 60 24 3i 75 13
8 Pdy(dba);:CHCI3 1.0 92 aYield of analytically pure product$.Determined byH NMR analysis

N ) ) ) of crude reaction mixtures.
aConditions: 1.2 equiv ofl, 2.0 equiv of Na®Bu, 0.1 equiv of Pd,
0.5 M in 2 in toluene at room temperatureDetermined by HPLC using

a response factor to biphenyl at 6%Halide-homocoupling product (3%) yields of the desired cross-coupling products were lower
was observed: Halide-homocoupling product (4%) was observed. (entries 1 and 2). In these cases, the 2,3-disubstituted indole
8 was formed as a minor byproduct. Presumably, the silanol

With a highly evolved procedure in hand that employs a is sufficiently activated to undergo an electrophilic aromatic

different base and palladium source than was initially tested, substitution that is competitive with the desired cross-
we briefly reexamined the role of copper iodide (Table 3, coupling pathway. We surmised that switching from an aryl
entries 6-8). Interestingly, in the absence of Cul, the reaction ' iodide to an aryl bromide would slow this side process and

proceeds to 48% conversion af h but stalls (52% after favor cros_s-coupling. Indeed, emplqying 1,4-bis(d_iphe-
24 h). With 0.5 equiv of Cul, the reaction does go to nylphosphino)butane (dppb) and heating these reactions to

completion after 12 h (95%). From these studies, the 55 °C furnished the desired products in good yields (entries

combination of Na®Bu (2.0 equiv), Cul (1.0 equiv), and 6 T‘nd ") lusi h develoned ful
Pd,(dba)-CHCI; (0.05 equiv) was used to survey the scope N conclusion, we have developed a successiul cross-
of the halide partner in this cross-coupling reaction. coupling of (2-indolyl)dimethylsilanols. The reactivity of the

The results of cross-coupling dfwith a variety of electro-
philes are collected in Table 4. In general, electron-deficient Table 5. Cross-Coupling of with Substituted Aryl Halide®
aromatic iodides coupled smoothly at room temperature in 5,46
good vyields (entries 14). Electron-rich and sterically

encumbered substrates required mild heating to reach x—@—n MR
completion (entries69). Generally, less reactive aryl iodides Me pe 20r6 ,';‘,,
showed more of the halide-homocoupling side produbgan m& NaOt-Bu (2.0 equiv) Aryl
electron-deficient aryl iodides. Although the cross-coupling ,\N,,e OH Pd,(dba);®CHCI; (5 mol %)
of aryl iodides proceeded well, initial attempts at the cross- 4 5 equiv Cu (19 etgz:‘é @E\gﬂ\ryl
coupling of aryl-bromides witll were unsuccessfa. 5 Me
To probe the use of other nitrogen substituents, the 8
N-methyl(2-indolyl)dimethylsilanol5 was prepared and yield (%)
subjected to these reaction conditions with several aryl gnery  x R temp (°C) time (h) product 732 8
|o_d|des (Table 5). In genergl, a swmlar trend was observed T 1 4NO, " 3 7 5 16
with respect to the electrophile as with tReBoc case where > 1  4CN rt 3 7b 62 30
electron-deficient aryl iodides reacted faster (entries 1 and 3 | H rt 3 7c 82
2) than electron-rich substrates (entriess3. Although the 4 1 2-thienyl rt 6 7d 73
reactions proceeded to completion at room temperature, for > | 4-OMe rt 3 7e 80
cases with electron-withdrawing substituents the isolated & Br 4NO: 55 20 7a. 84" 5
7  Br 4CN 55 20 7b 8oc 5
(18) Role of chloroform is currently unclear. 2Yield of analytically pure product$.Determined byH NMR analysis

(19) Use of electron-rich phosphine ligands typically employed for the of crude reaction mixtures.Addition of 0.2 equiv of dppb was required.
cross-coupling of aryl bromides failed with
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2-indolyl moiety toward cross-coupling is strongly influenced GM63167-01A1). J.D.B. acknowledges the University of
by the substituent on the indole nitrogen. Current studies lllinois for a graduate fellowship.

employing these conditions for the cross-coupling of other
heteroaromatic silanols is underway along with mechanistic
studies on the role of copper.

Supporting Information Available: Details of the prepa-
ration and full characterization df 5, and all cross-coupling
products. This material is available free of charge via the
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